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1 .  Microstructure  and  Critical  Current  Density  of  YBa2Cu307.x  +  BaSnOs  Thick  Films 

Grown  with  Pre-mixed  Pulsed  Laser  Ablation  Target 

1 . 1  Introduction 

YBa2Cu307.x  (YBCO)-coated  conductors  have  excellent  self-field  critical  current  density 
(Jc)  but  need  improvement  in  applied  magnetic  fields  like  in  motors,  generators,  and  other 
electrical  power  applications  [1,2].  To  provide  this  improvement,  flux  pinning  centers  are 
introduced  to  the  YBCO.  Pinning  in  YBCO  films  can  be  provided  via  crystalline  defects  or  other 
non-superconducting  materials  in  nanodimensional  additions.  Examples  of  such  material 
inclusions  are  Y2BaCu05,  BaZrOs  (BZO),  Y2O3,  etc.  when  dispersed  in  a  controlled  manner  in  a 
sufficiently  high  density,  to  provide  this  enhancement  [3-6].  In  the  case  of  BaSn03  (BSO),  it  has 
been  shown  to  create  nanocolumns  in  YBCO  when  proper  processing  conditions  were  used  [7], 
similar  to  BZO.  These  BSO  nanocolumns  particularly  contribute  to  pinning  in  the  c-axis 
orientation,  with  Jc  increasing  by  more  than  2  orders  of  magnitude  in  high  fields. 

In  the  literature,  undoped  YBCO  also  shows  rapid  degradation  in  Jc  as  the  thickness  of 
the  film  is  increased  (>1  pm)  [8,9].  In  a  previous  study,  thick  YBCO  +  BSO  films  were  grown 
with  a  sectored  target  approach  to  address  this  issue  [10].  By  only  varying  the  time  of  the 
deposition,  thick  (3  pm)  YBCO  +  BSO  films  were  grown  and  found  to  maintain  Jc  in  applied 
magnetic  fields  due  to  the  presence  of  the  nanocolumns.  These  nanocolumns  were  uniformly 
straight  and  extended  throughout  the  thickness  of  the  films,  for  thicknesses  ranging  from  300  nm 
to  3  pm.  The  study  presented  here  was  performed  to  investigate  if  thick  YBCO  +  BSO  films  with 
a  pre-mixed  target  in  place  of  a  sectored  target  can  achieve  similar  results.  This  is  not  clear  since 
the  supply  of  BSO  is  fairly  continuous  during  film  growth  in  the  pre-mixed  target  case  as 
opposed  to  an  intermittent  supply  of  BSO  in  the  case  of  a  YBCO/BSO  sectored  target. 

1 .2  Experimental 

All  the  films  were  made  by  pulsed  laser  deposition  (PLD).  The  PLD  target  used  in  this 
experiment  was  made  using  NEXANS  YBCO  powder  and  Cerac  BSO  powder  (-325  mesh, 

99%).  The  powders  were  mixed  and  ground  together  in  the  appropriate  ratio  to  yield  a  final 
composition  of  YBCO  +  20  mol%  BSO.  This  ratio  was  used  for  its  similarity  to  the  BSO  content 
of  the  previous  experiment  that  used  a  YBCO  +  BSO  sectored  target.  The  mixed  powder  was 
pressed  and  then  sintered  for  72  hours  at  850  °C  and  168  hours  at  920  °C  to  an  approximate 
density  of  ~90  percent. 

The  film  depositions  were  carried  out  in  a  Neocera  chamber  with  a  target  to  substrate 
working  distance  of  ~6  cm.  A  Lambda  Physik  excimer  laser  (X=248  nm)  was  used  to  ablate  the 
target.  The  laser  was  operated  at  4  Hz,  625  mJ  with  an  energy  density  on  the  target  of  ~2  to  4 
J/cm^.  The  films  were  deposited  on  single  crystal  (100)  LaAlOs  substrates  in  a  300  mTorr  O2 
atmosphere  at  780  °C.  Samples  were  oxygenated  during  cool  down  at  500  °C,  600  torr  O2  for  V2 
hour,  and  then  cooled  to  room  temperature.  The  thickness  of  the  films  was  varied  by  changing 
only  the  deposition  time.  Final  film  thicknesses  ranging  from  250  nm  to  3  pm  were  obtained  by 
varying  the  deposition  times  from  20  minutes  up  to  4  hours. 

Magnetization  hysteresis  loops  were  taken  in  a  Quantum  Design  PPMS  Vibrating  Sample 
Magnetometer  (VSM).  The  Bean  model  was  used  for  calculation  of  magnetization  Jc  from  the 
data  taken  from  these  loops.  The  magnetic  dipole  moment  of  the  sample  was  also  measured  as 
temperature  was  varied  in  the  VSM  to  obtain  the  critical  transition  temperature  (Tc)  of  the 
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samples.  The  film  thickness  was  measured  with  a  KLA  Tencor  profiler.  X-ray  diffraction  data 
was  obtained  on  the  samples  using  a  Rigaku  DMAX  B.  A  FBI  Sirion  high  resolution  scanning 
electron  microscope  (SEM)  was  used  to  obtain  electron  micrographs  of  the  samples’ 
microstructure.  A  FBI  Tecnai  F20  analytical  electron  microscope  with  a  point-to-point  resolution 
of  0.21  nm  (TEM)  was  used  after  standard  sample  preparation  to  observe  the  nanocolumns  of 
BSO  in  the  YBCO  matrix. 

1.3  Results  and  Discussion 

The  Tc  data  of  YBCO  +  BSO  samples  of  different  thickness  are  shown  in  Figure  1.  All 
the  films  for  this  study  showed  a  Tc  of  ~  87  K.  It  can  be  seen  that  the  To  does  not  degrade  as  the 
film  thickness  is  increased,  even  up  to  3  pm.  This  offers  initial  confirmation  that  30  min  of 
oxygenation  is  sufficient  for  even  the  thick  films.  A  slight  reduction  of  Tc  to  87  K  is  consistent 
with  the  thin  films  of  YBCO  +  BSO  as  reported  earlier  [11]. 
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Figure  1.1.  Tc  in  YBCO  +  20  mol%  BSO  Films  with  varying  thickness 

A  plot  of  the  Jc  of  different  thickness  samples  is  shown  as  a  function  of  applied  magnetic 
fields  in  Figure  2.  The  results  show  that  the  samples  continue  to  maintain  their  Jc  very  well  even 
when  the  thickness  is  increased,  especially  at  higher  fields.  At  8  Tesla  of  applied  magnetic  field, 
the  Jc  of  a  YBCO  +  BSO  sample  of  2.8  pm  thickness  was  1 .5  by  104  A/cm^,  which  is  similar  to 
the  Jc  of  a  260  nm  thick  YBCO  +  BSO  sample.  Although  there  is  some  reduction  in  Jc  evident  at 
very  low  fields,  there  appears  to  be  a  slight  improvement  at  the  higher  fields  as  the  thickness 
approaches  the  1  pm  range. 

Figure  3  displays  several  magnetization  Jc  curves  of  thick  YBCO  +  BSO  samples.  These 
are  compared  with  a  YBCO  300  nm  film  standard.  After  1.8  Tesla,  all  YBCO  +  BSO  films  show 
improvement  from  YBCO.  At  8  T,  it  can  be  seen  that  the  YBCO  +  BSO  films  are  at  least  2 
orders  of  magnitude  better  than  the  undoped  YBCO. 

Theta  -  two  theta  x-ray  diffraction  data  taken  from  different  samples  is  shown  in  Figure 
1.4.  The  area  of  interest  has  been  expanded  and  compared  for  four  representative  thickness 
samples.  All  the  samples  show  good  texture  for  (001)  type  YBCO  peaks.  However,  an  additional 
peak  appears  in  the  thicker  samples  which  corresponds  to  YBCO  (103)  peak.  This  peak  becomes 
more  intense  in  the  2.8  pm  thickness  sample.  These  misoriented  grains  are  expected  as  the 
temperature  at  the  growing  surface  could  be  lower  in  thicker  films  than  thin  films  as  the  films  are 
heated  from  the  back  of  the  substrate.  Although  all  YBCO  +  BSO  films  show  some  drop  in  self- 
field  Jc  and  To,  the  misoriented  grains  could  be  the  primary  cause  for  the  greater  drop  in  self-field 
Jc  as  observed  in  films  with  thickness  >  2  pm. 
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Figure  1.2.  Jc  values  for  varying  thickness  YBCO  +  20  mol%  BSO  films  at  77  K  and  H  //  c 


HoH(T) 

Figure  1.3.  VSM  Jc  data  for  selected  YBCO  +  20  mol%  BSO  film  thicknesses  compared  with  300  nm  YBCO 

at  77  K  and  H  //  c 


Figure  1.4.  0-20  x-ray  scans  of  YBCO  +  20  mol%  BSO  of  varying  thickness 

Figure  1.5  shows  the  low  magnification  (1.5  kx)  scanning  electron  surface  micrographs 
of  (a)  260  nm  and  (b)  2.8  pm  thick  YBCO  +  BSO  samples.  The  260  nm  shows  standard  surface 
features  for  YBCO  +  BSO  with  small  particles  (note  that  these  particles  are  not  the  planar  view 
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of  the  nanocolumns)  on  the  surface  that  can  be  observed  at  low  magnification.  The  2.8  gm 
sample,  however,  shows  misoriented  grains  such  as  a-axis  grain  growth  occurring  in  the  sample. 
Despite  the  misoriented  grain  growth  (possibly  created  by  the  lower  surface  temperature  as 
discussed  before)  in  thick  films,  the  YBCO  +  BSO  microstructure  still  shows  nanocolumn 
formation  of  BSO  continuing  into  the  upperparts  of  the  films.  Figure  1.6  shows  at  higher 
magnification  (150  kx)  the  (a)  260  nm  sample  and  (b)  2.8  pm  sample.  Both  display  a  uniform 
distribution  of  BSO  nanoparticles  at  the  surface.  These  are  the  cross-sections  {a-b  planar  view) 
of  the  BSO  nanocolumns  as  observed  in  cross-sectional  transmission  electron  micrographs 
shown  later. 


Figure  1.5.  SEM  photomicrograph  showing  surface  microstructure  of  (a)  260  nm  sample  and  (b)  2.8  pm 

sample 


a)  b) 

Figure  1.6.  SEM  photomicrograph  showing  uniform  BSO  distribution  in  YBCO  on  (a)  260  nm  sample  and  (b) 

2.8  pm  sample 

Cross-sectional  TEM  was  done  on  the  samples  to  investigate  the  extent  of  the  BSO 
nanocolumnar  formation  in  the  samples  as  well.  Figure  1 .7  shows  a  YBCO  +  BSO  film  of  (a) 

750  nm  thickness  and  (b)  2.8  pm  thickness.  Both  samples  show  nanocolumns  with  a  diameter  of 
~  8-1 1  nm.  Both  also  show  continuous  nanocolumns  that  extend  through  the  thickness  of  the 
fdm.  They  appear  to  be  relatively  unaffected  by  the  appearance  of  a-axis  growth.  The 
nanocolumns  were  similar  to  the  nanocolumns  shown  in  the  YBCO  +  BSO  thick  film  made  with 
a  sectored  target. 
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a)  b) 

Figure  1.7.  Cross  sectional  TEM  image  showing  through-thickness,  uniform  BSO  nanocolumns  in  (a)  780  nm 

film  and  (b)  2.8  ^m  film 


1.4  Summary 

It  has  been  shown  that  quality,  thick  YBCO  +  20  mol%  BSO  films  up  to  3  pm  can  be 
grown  by  just  varying  the  deposition  time.  This  quality  growth  occurs  whether  BSO  is  supplied 
from  a  continuous  source  like  a  pre-mixed  target  or  intermittent  source  as  the  sectored  target. 

The  YBCO  +  BSO  thick  films  show  a  Tc  of  ~87K  regardless  of  the  thickness.  The  samples  show 
little  degradation  of  Jc  as  thickness  is  increased,  with  samples  ranging  from  260  nm  to  2.8  pm 
showing  >104  A/cm^  at  8  T,  H//C.  The  samples  also  all  show  continuous  8-1 1  nm  nanocolumns 
of  BSO  extending  throughout  the  sample  despite  the  presence  of  a-axis  growth  in  the  thicker 
samples. 
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2.  Experimental  Setup  for  Calorimetric  Measurements 
2.1  Introduction 

The  goal  of  this  project  is  to  measure  total  AC  losses  from  self-field  and  external  fields. 
As  the  high  temperature  superconducting  (HTS)  wires,  specifically  the  YBa2Cu307.x  (YBCO) 
coated  conductors,  have  been  extended  to  long  lengths,  development  has  been  initiated  to 
implement  them  in  practical  devices,  such  as  field  windings  in  motors  and  generators  [1], 
transformers  [2],  superconductor  magnet  energy  storage  devices  [3],  power  transmission  cables 
[4],  etc.  A  critical  characteristic  to  understand  for  these  YBCO  coated  conductors  in  several 
applications  is  their  ac  tolerance  [5].  The  need  to  measure  ac  losses  of  the  wire  in  device  relevant 
environments  have  led  to  the  development  of  several  techniques  [6,7].  Some  of  them  use 
electromagnetic  measurements,  such  as  the  measurement  of  the  electric  potential  across  the 
sample  in  phase  with  the  driving  current  [8],  others  use  calorimetric  methods  based  on  the 
measurement  of  the  temperature  increase  of  the  sample  or  the  rate  of  cryogen  boil-off  [9].  All 
these  methods  have  their  strengths  and  weaknesses  and  for  particular  experimental  conditions 
some  are  more  suitable  than  others  [10]. 

For  the  calorimetric  system  discussed  here,  the  principle  of  operation  is  based  on 
recording  the  total  mass  and  rate  of  the  N2  gas  evaporating  from  the  LN2  bath  in  which  the 
sample  is  immersed.  The  driving  current  applied  through  the  particular  sample  is  turned  on  for  a 
set  period  of  a  few  minutes.  For  the  total  mass  data,  the  total  amount  of  excess  N2  gas  evaporated 
due  to  the  losses  caused  by  the  time-varying  current  is  a  measure  of  the  total  energy  deposited  in 
the  sample.  From  this  the  power  of  dissipation  is  calculated.  This  protocol  differs  from  the 
commonly  used  approach  [11]  when  the  current  is  driven  through  the  sample  until  the 
equilibrium  between  the  power  of  dissipation  and  the  evaporation  rate  is  established.  In  some 
cases,  such  as  a  slow  current  ramp,  equilibrium  cannot  be  reached.  In  other  cases  the  wait  for  the 
equilibrium  to  be  established  may  lead  to  excessive  heating  of  the  sample,  so  that  its  temperature 
cannot  be  reliably  determined.  By  restricting  the  amount  of  current-on  time  we  can  not  only 
avoid  boiling  of  the  LN2,  which  can  produce  a  great  deal  of  irregularity  in  the  gas  flow,  but  it  will 
allow  quicker  collection  of  data.  This  can  also  reduce  the  risk  of  thermal  runaway  associated 
with  the  temperature  differential  methods  [12]. 

An  important  part  of  the  design  that  went  into  the  ac  loss  measurement  system  presented 
here  is  to  particularly  minimize  the  background  boil-off  allowing  the  potential  differentiation  of 
a  few  milliwatts  in  power  loss  as  opposed  to  100  milliwatts  or  more.  Although  the  system  design 
and  construction  allows  the  measurement  of  losses  caused  by  irregular  current  perturbations,  the 
results  presented  here  for  illustration  of  its  operation  used  the  flow  rate  data  collection.  In  this 
case,  a  pancake  coil  made  out  of  YBCO  coated  conductor  was  supplied  with  harmonic  driving 
current  at  different  frequencies.  Again,  the  data  collection  did  not  wait  until  equilibrium  was 
achieved.  Calibration  determined  that  the  rate  of  mass  flow  increase  correlated  directly  with  the 
applied  current  level.  Although  this  did  allow  data  to  be  more  rapidly  collected,  it  was  critical  to 
ensure  that  the  data  was  collected  during  the  linear  ramping  in  the  cryogen  boil-off  flow  rate. 
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2.2  Experimental 
2.2.1  Apparatus 


Figure  2.1.  Schematic  diagram  of  Self  Field  Calorimeter 

The  system,  as  shown  in  Figure  2.1,  was  built  using  a  surplus,  LN2  shielded,  liquid 
helium  (LHe)  Dewar  that  was  previously  used  for  low  temperature  supercondueting  magnet 
operations.  This  was  seleeted  to  provide  the  best  possible  thermal  insulation  sinee  the  heat  leaks 
were  expected  to  be  the  main  noise  source,  limiting  the  sensitivity  of  the  system. 

As  shown  in  Figure  2.2,  the  original  LHe  cooled  magnet  space  was  divided  into  two 
annular  cylinders  consisting  of  the  center  sample  space  surrounded  by  the  insulating  vacuum 
space.  This  was  done  by  fabricating  a  gas  tight,  cryogenically  stable,  sample  holder  made  of  G- 
10  fiberglass  and  suspending  it  inside  the  former  magnet  space  which  was  then  evacuated  to 
provide  thermal  insulation  for  the  LN2  cooled  sample  space.  The  original  outer  LN2  jacket  and 
shield  structure  is  still  used  as  a  thermal  radiation  barrier,  as  shown  in  Figure  2.2. 

Samples  are  immersed  in  LN2  inside  the  central  fiberglass  canister.  This  sample  space  is 
sealed  so  that  all  evaporating  N2  gas  can  be  directed  through  one  of  the  2  flow  meters.  A 
relatively  high  capacity  rotameter  (a  floating  ball  type  flowmeter)  is  used  primarily  to  verify  that 
the  actual  gas  flow  is  low  enough  to  not  damage  the  low  flow/high  sensitivity  digital  mass  flow 
meter.  The  rotameter  is  closed  off  during  data  collection,  when  all  the  gas  goes  through  the 
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digital  meter.  The  low  flow/high  sensitivity  digital  mass  flow  meter  is  an  M  series  mass  and 
volumetric  laminar  flow  meter  from  Alicat  Scientific,  Inc.  This  meter  was  chosen  for  its  dynamic 
range  and  automatic  temperature  compensation. 

The  dimensions  of  the  cylindrical  sample  chamber  are  approximately  10  cm  in  diameter 
and  25  to  50  cm  in  height.  This  volume  is  sufficiently  large  to  test  different  irmovative  coil 
geometries  and  samples  other  than  coils.  In  order  to  reduce  the  heat  leaks  through  the  high 
capacity  current  leads,  the  leads  are  cooled  in  LN2  before  entering  the  sample  space  and  are 
fabricated  from  braided  copper  to  increase  surface  area  and  facilitate  heat  removal.  Any  heat  loss 
from  the  sample  out  through  the  leads  will  be  a  result  of  the  current  lead  connections  which  is 
intentionally  evaluated  and  eliminated  as  discussed  later.  As  such,  this  loss  if  it  exists  is 
immaterial.  The  currently  installed  LN2  filled  lead  cooling  section  reduces  the  overall  sample 
space  to  about  15  cm  in  height.  However,  the  sample  space  can  be  substantially  increased  with 
simple  modifications  to  the  mounting  of  the  lead  cooling  section. 


Figure  2.2.  Horizontal  Cross  Section  of  Self-Field  Calorimeter 
2.2.2  Measurement  Procedures 

The  total  thermal  losses  of  a  sample  are  determined  by  measuring  the  mass  of  LN2 
converted  to  gas  during  current  flow  and  calculating  the  energy  necessary  to  produce  that 
volume.  The  ohmic  losses  are  found  prior  to  AC  measurement  in  order  to  facilitate  isolation  of 
the  AC  hysteretic  loss  from  the  total  thermal  loss. 

By  measuring  the  total  mass  of  the  N2  gas  coming  from  this  sample  space  during 
characterization,  subtracting  the  background  flow,  and  inserting  the  system  specific  correction 
factor,  we  have  repeatedly  correlated  the  mass  of  the  N2  gas  to  various  power  levels  input  to  a 
resistance  heater  simulating  an  HTS  coil  in  the  system.  The  energy  input  is  calculated  based  on 
the  heat  of  vaporization  of  LN2  (199J/g  or  0.225J/scc)  and  the  time  duration  of  power  applied  to 
the  heater  or  sample.  The  ohmic  losses  are  found  prior  to  AC  measurement  to  facilitate  isolation 
of  the  AC  hysteretic  loss  from  the  total  thermal  loss.  A  system-specific  calibration  maps  the 
input  heat  load  onto  the  change  in  output  mass  flow  rate,  allowing  the  data  reduction  process  to 
be  simplified  to  a  single  step  [13]. 
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The  best  base  baekground  gas  flows  due  to  vaporized  LN2  from  the  sample  spaee  have 
ranged  from  2  seem  to  4  seem,  indieating  ~44mW  to  ~88mW  respeetively.  These  flow  variations 
seem  to  follow  changes  in  the  level  of  LN2  in  the  outer  jacket  used  as  a  radiation  shield  more  so 
than  room  temperature  changes.  This  represents  the  vast  majority  of  background  noise  to  be  dealt 
with. 

Initial  sample  simulation  tests  used  a  0.25  W,  75  ohm  resistor  as  a  heater.  A  heater  this 
small  tends  to  form  an  insulating  gas  bubble  very  readily,  which  is  not  anticipated  to  happen  with 
a  superconductor  sample.  A  coil  of  superconductor  would  be  physically  much  larger  than  a 
0.25W  resistor,  presenting  much  more  surface  area  to  dissipate  the  similar  power. 

To  avoid  damaging  the  sample  HTS  coils  it  is  desirable  to  not  initiate  a  quench  condition. 
This  means  that  the  sample  temperature  will  not  go  above  the  boiling  point  of  the  LN2,  and 
should  not  trigger  nucleate  boiling.  To  more  closely  simulate  the  planned  samples,  the  tiny 
0.25W  resistor  heater  was  changed  to  a  physically  large,  low  power  per  surface  area  heater.  This 
heater  consists  of  two  1.5  by  3  by  0.125-inch  aluminum  plates  with  a  50-ohm  kapton 
encapsulated  resistance  heater  sandwiched  between  them.  A  Lakeshore  model  340  temperature 
controller  operated  in  current  control  mode  was  used  as  a  power  supply  to  drive  the  heater.  Using 
this  arrangement  we  were  able  to  directly  measure  heater  inputs  as  low  as  10  mW. 

It  should  be  noted  that  at  this  stage  it  was  observed  that  lower  power  inputs  were  easier  to 
measure  consistently  than  power  levels  high  enough  to  cause  nucleate  boiling  on  the  sample. 
Since  the  goal  is  to  measure  small  heat  losses  during  normal  operation  of  HTS  components,  it  is 
desirable  to  avoid  this  active  boiling  anyway. 

2.2.3  Operation 

The  initial  operations  of  the  cryogenic  calorimeter  were  tests  to  characterize  the  system. 
By  using  a  dc  powered  resistance  heater  designed  to  simulate  a  substantial  sized  coil  of 
superconducting  tape  we  were  able  to  plot  the  expected  N2  gas  output  from  a  variety  of  power 
levels  and  operating  conditions. 

The  basic  operating  procedure  consists  of  installing  a  sample,  cooling  the  system, 
energizing  the  sample  and  measuring  the  mass  of  evolving  gas. 

The  heater  used  to  simulate  a  HTS  coil  was  connected  to  an  electric  power  feed  through 
at  the  bottom  of  the  lead  cooling  section  and  inserted  into  the  sample  space  while  the  system  was 
at  room  temperature. 

The  next  step  of  properly  cooling  the  system  requires  more  care  than  initially  anticipated. 
During  initial  efforts  to  characterize  the  calorimetry  system  it  rapidly  became  apparent  that  the 
presence  of  condensates  in  the  LN2  tends  to  cause  unpredictable  errors.  This  appears  to  be  due  to 
the  fact  that,  when  condensation  does  occur,  the  quantity  and  type  of  condensate  is  unknown.  It 
has  been  speculated  that  O2  and  water  are  the  principle  condensates,  based  on  the  temperature  of 
LN2.  It  is  known  that  mixing  LO2  with  LN2  has  been  a  simple  way  to  raise  the  boiling  point  of 
LN2[14]. 

Small  changes  in  the  boiling  point  of  the  test  fluid,  to  an  unknown  temperature,  cause 
large  differences  in  the  gas  output  during  experiments.  Theoretically,  an  operator  could  re¬ 
characterize  the  system  after  each  LN2  fill  using  the  same  techniques  used  to  initially  set  up  the 
system. 

Rather  than  compensating  for  the  changes  in  thermal  properties  of  the  cryogen  mixture  it 
was  decided  that  avoiding  the  contamination  was  the  more  viable  course  to  take.  This  was 
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accomplished  by  performing  a  sealed  LN2  transfer  via  pressurized  lines  direetly  from  a  bulk 
dewar. 

By  putting  LN2  into  the  warm  sample  spaee  and  lead  cooling  space  first,  adequate 
positive  pressure  is  maintained  by  the  boiling  eryogen  to  prevent  eryopumping  into  those  spaces 
while  the  outer  thermal  radiation  shielding  jaeket  is  being  filled.  The  sample  spaee  is  vented 
through  the  high  volume  rotameter,  whose  reading  drops  as  the  outer  jaeket  cools.  When  the  gas 
volume  drops  below  the  resolution  of  the  rotameter  the  flow  rate  is  low  enough  to  open  the  valve 
to  the  Alicat  digital  meter  without  the  gas  surge  harming  it.  It  is  not  unusual  at  this  point  for  the 
system  to  take  several  hours  to  become  usably  stable,  when  starting  at  room  temperature.  Once 
the  system  is  eool  it  will  stabilize  after  a  refill  in  a  few  minutes. 

During  these  charaeterization  tests,  baekground  noise/continuous  gas  evolution  due  to 
environmental  heat  leakage,  tended  to  stay  eonsistent  over  short  time  periods  (~20  minutes). 
Since  heater  test  runs  and  lower  power  coil  tests  tended  to  take  less  than  this  amount  of  time  it 
seemed  to  be  a  good  start.  Topping  off  the  lead  cooling  section  would  restabilize  the  system. 

The  basie  data  collection  sequence  consisted  of  reeording  the  base  gas  flow  rate  as 
background  noise  to  be  subtraeted,  resetting  the  mass  total  to  zero  and  energizing  the  heater.  This 
still  being  a  manual  operation,  the  operator  would  switch  on  the  power  for  a  set  length  of  time 
and  then  turn  off  the  heater  power.  When  the  N2  flow  rate  dropped  baek  to  the  background  rate, 
data  eolleetion  would  be  stopped. 

This  sequence  of  operations  was  modified  several  times,  varying  the  time  the  power  was 
on  and  seleeting  which  section  of  the  data  curve  was  the  most  meaningful.  Ultimately  a  shorter 
power  on  time  was  selected  and  the  inereasing  gas  flow  seetion  of  the  eurve  was  deemed  to  be  all 
that  was  required  to  determine  AC  losses. 

Naturally,  simply  dividing  the  energy  input  to  the  heater  by  the  difference  in  gas  generated  did 
not  give  the  right  results.  There  is  however  a  consistent  offset  when  the  power  input  and  run 
times  are  factored  in.  Figure  2.3  illustrates  the  well  behaved  power  to  gas  flow  rate  offset  ratio. 

This  produced  a  system-speeific  ealibration,  mapping  the  input  heat  load  onto  the  ehange 
in  output  mass  flow  rate,  and  provided  a  single  step  data  reduetion  proeess. 


1  10  100 

Input  Current  (A) 

Figure  2.3.  Graph  depicting  calibration  offset  derived  from  a  resistance  heater  with  known  power  input 
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Initial  tests  have  been  done  using  a  IM  coil  of  HTS  ribbon.  This  permitted  validating  the 
use  of  our  Elgar  TrueWave  5250-1  variable  frequency,  current  controlled,  power  supply.  The 
results,  shown  in  Figure  2.4,  from  these  measurements  fell  within  the  expected  range  for  this 
particular  sample,  fabricated  using  aim  YBaiCusOT-s,  (YBCO),  coated  conductor  coil.  The  coil 
was  produced  and  partial  losses  measured  by  Dr.  Milan  Polak,  as  described  in  the  Applied 
Physics  Letters  article,  “AC  Losses  in  a  YBa2Cu307.x  Coil”  [17]. 


'  Polak  lOOHz 
— ^  Polak  200Hz 
"  Polak  300Hz 

AC  lOOHz,  Method  2 

—  AC  200Hz,  Method  2 

-  AC  300Hz,  Method  2 


Figure  2.4.  Total  calorimetric  loss  measurement  compared  to  electrical  field  partial  loss  measurement 


2.3  Self-field  Summary 

An  isothermal  cryogenic  calorimeter  of  increased  sensitivity  has  been  designed  and  built 
to  determine  the  total  electrical  losses  from  a  variety  of  different  sized  coils  of  high  temperature 
superconductor. 

Electrical  losses  from  the  HTS  coil  are  integrated  and  given  off  as  heat,  slightly 
increasing  the  evaporation  rate  of  the  LN2  used  to  cool  the  coil.  Boiling  of  the  LN2  does  not 
occur  because  quenching  of  the  coil  is  avoided.  Heat  loss  calculations  from  the  energized  coil  are 
based  on  standard  nitrogen  heat  of  vaporization  while  the  actual  measurement  is  of  the  gas 
evolving  from  evaporating  LN2  using  a  commercial  mass  flow  meter  to  record  flow  rate  and  gas 
temperature. 

The  coil  being  measured  is  connected  to  a  current  controlled  power  supply  which 
provides  alternating  current  to  the  coil  at  a  selectable  frequency,  ranging  from  lOOHz  to  300Hz 
for  these  experiments.  Initial  tests  of  the  calorimeter  were  done  with  a  resistance  heater  for 
calibration  and  a  one  meter  length  of  HTS  tape  as  a  real-world  sample.  The  maximum  length  of 
conductor  that  can  be  measured  is  only  limited  by  dimension  of  the  existing  4  inch  diameter 
sample  space. 


2.4  Integrating  the  Isothermal  Cryogenic  Calorimeter  into  the  SAM  Machine  to  Expose 
the  Samples  to  a  Substantial  Alternating  Magnetic  Field 

2.4.1  Introduction 

The  goal  of  this  project  was  to  measure  total  AC  losses  resulting  from  AC  transport 
current  in  an  external  reversing  magnetic  field  and  controlled  combinations  thereof  In  the  SAM 
machine,  the  system  used  for  external  field  measurements,  an  HTS  sample  is  exposed  to  a 
reversing  magnetic  field  of  variable  frequency.  Space  is  provided  to  also  connect  high  current 
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loads,  AC  or  DC,  to  small  linear  samples  or  substantial  sized  coils.  This  will  permit  self-field  and 
external  field  measurements,  in  and  out  of  phase,  on  a  sample  at  the  same  time.  An  important 
feature  is  the  high  diji/dt  that  the  sample  is  exposed  to.  The  test  rig  rotor  is  an  eight-pole  (four 
north  and  four  south)  permanent  magnet  design,  spinning  at  1,800  rpm  in  this  example,  and 
producing  0.5  Tesla.  The  d(|)/dt  in  the  annular  test  space  will  be  0.5T  *(2*  ti*  ffeq)  =  377.  The 
rotor  is  designed  to  reach  3,000  rpm.  Losses  are  calculated  from  the  measured  flow  of  N2  gas 
from  the  LN2  calorimeter  containing  the  test  sample  and  installed  into  the  reversing  magnetic 
field.  This  calorimeter  is  based  on  the  prior  10  mW  sensitivity  system. 

By  mounting  the  sample  in  a  fixed  location  between  a  rotating  permanent  magnet  and  a 
laminated  back  iron  the  sample  is  swept  by  a  rapidly  reversing  magnetic  field  with  the  frequency 
controlled  by  the  rotation  speed  of  the  magnet.  Using  the  previous  1,800  rpm  example  this  would 
provide  a  complete  field  reversal  in  about  3  ms  where  a  similar  field  reversal  in  a  60  Hz  sine 
wave  system  would  take  8  msec. 

2.4.2  Experimental 

2.4.2. 1  External  Field  Apparatus 

The  mechanism  for  providing  the  time  varying  magnetic  field  consists  of  the  8  pole 
magnet  rotor,  nested  inside  an  annular,  laminated  backiron  stack,  supported  by  four  sets  of  ball 
bearings  to  hold  it  in  position  vertically  and  horizontally  while  permitting  free  rotation.  Instead 
of  the  extremely  small  gap  found  between  the  rotor  and  stator  in  an  electric  motor  this  instrument 
has  a  1 .5  inch  gap  to  permit  placing  the  HTS  sample  in  the  center  of  the  magnetic  field  to  expose 
the  sample  to  the  most  uniform  part  of  the  field. 

Figures  2.5  and  2.6  show  where  the  sample  holder  is  nested  inside  a  fiberglass  LN2  cell 
shaped  to  fit  in  the  magnet-backiron  gap.  This  gap,  along  with  the  rest  of  the  instrument,  is 
evacuated  to  provide  insulation  for  the  LN2  cell.  The  sample  is  held  inside  a  thin  walled 
fiberglass  box  with  a  long  fiberglass  tube  extending  from  the  sample  space  up  through  the  open 
top  of  the  LN2  cell  to  the  Alicat  model  M-ISLPM  mass  flow  meter.  This  sample  holder  contains 
enough  LN2  to  completely  cover  the  sample  under  test  with  enough  to  spare  so  it  will  remain 
covered  throughout  the  test. 

The  LN2  cell  is  supported  at  three  points  along  its  length  and  is  stiff  enough  to  not  bulge 
when  the  insulating  space  is  evacuated  or  bend  when  the  magnet  “pulls”  on  the  sample. 

Similar  to  the  description  in  the  abstract,  an  important  characteristic  of  the  protocol  of  our 
measurements  is  that  the  magnetic  field  is  oscillated  (and,  if  desired,  the  current  is  also  turned 
on)  for  a  specific,  but  relatively  short,  period  of  time  so  that  the  sample  and  liquid  nitrogen  do 
not  come  to  equilibrium  at  the  end  of  this  period. 

In  this  system  the  LN2  in  the  large  LN2  cell  boils,  at  least  a  little,  continuously  due  to 
radiant  heating  from  the  surrounding  machinery.  This  layer  of  LN2  shields  the  sample  holder 
from  the  external  heating  source.  The  limited  time  of  exposure  to  magnetic  field  and/or  AC 
current  limits  the  sample  temperature  rise  to  the  double  digit  milli-Kelvin  range,  and  avoids  extra 
boiling  of  liquid  nitrogen,  allowing  us  to  determine  the  losses  at  different  field  and/or  current 
frequencies,  but  at  the  same  (or  closely  comparable)  temperature  of  the  sample.  This  technique 
also  greatly  reduces  signal  drift,  avoids  quench  conditions,  and  more  closely  mimics  the 
environment  inside  an  operating  HTS  equipped  machine  such  as  a  motor  or  generator  where 
there  would  be  more  robust  cooling.  Since  the  temperature  of  the  sample  does  not  need  to  rise 
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substantially,  having  the  sample  holder  immersed  in  the  LN2  cell  does  not  reduce  the  signal  when 
using  the  methodology  described  here. 


Calorimeter/ 
Sample  Holder 


REf 


Figure  2.5.  Horizontal  Cross  Section 
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Figure  2.6.  Vertical  Cross  Section 


Figure  2.7  shows  a  cross  section  of  the  first  sample  holder.  Two  of  the  resistors  are  used 
to  gauge  the  level  of  the  LN2  inside  the  holder,  when  covered  the  resistance  will  change.  By 
closing  the  valve  when  the  resistance  of  one  changes,  the  operator  knows  that  the  holder  is  filled 
to  that  level  but  not  overfilled.  The  third  resistor  is  used  as  a  calibration  heater  and  as  a 
nucleation  source  to  assure  a  soft  start  to  LN2  boiling  and  to  raise  the  base  signal  above  the 
background  noise  when  the  sample  is  energized  at  very  low  levels.  This  requirement  reflects  the 
reduced  sensitivity  of  the  calorimeter  in  the  external  field  system  relative  to  the  self-field  system 
it  was  derived  from. 
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Figure  2.7.  Cross  section  of  sample  holder 

The  sample  holder  is  filled  by  submerging  it  inside  the  filled  LN2  eell  and  opening  the 
valve  on  the  top  using  the  stem  extension  reaehing  outside  the  top  of  the  LN2  cell.  When  the 
resistance  of  one  resistor  changes  the  valve  is  closed.  The  sample  is  accessed  via  an  opening  in 
the  bottom  of  the  sample  holder  which  is  closed  off  with  a  fiberglass  plug.  An  alternate  sample 
holder  opens  at  the  top  and  has  two  additional,  high  current,  leads  to  energize  the  sample. 

The  design  phase  of  the  rotating  magnet  includes  computer  modeling  of  the  magnetic 
field  shape  and  predicted  field  strength  as  depicted  in  Figure  2.8.  Measurements  using  a 
Lakeshore  Model  450  Gaussmeter  showed  that  samples  under  test  can  be  exposed  to  the 
calculated  maximum  field  of  0.6  Tesla.  In  the  vertical  axis  the  field  is  acceptably  uniform  over 
about  17  cm  of  the  22  cm  height  of  the  magnet  as  shown  in  Figure  2.9. 


Figure  2.8.  Calculated  magnetic  field  strength  and  field  line  vectors 
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Magnetic  Field  Intensity  Profile 
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Figure  2.9.  Measured  vertical  field  profiles 

The  10mm  diameter  coil  of  copper  wire  shown  in  Figure  2.10  was  used  to  map  the 
relative  field  intensity  along  the  vertical  axis  in  12.5mm  (0.5in)  vertical  increments  at  four  radial 
positions.  The  coil  was  mounted  on  a  section  of  fiberglass  ‘U’  channel  that  was  machined  to  fit 
into  the  space  between  the  rotor  and  back  iron  without  moving.  Measurement  positions  were 
indexed  by  bolting  the  coil  to  evenly  spaced  holes  in  the  channel.  The  radial  position  was 
indexed  by  bolting  the  coil  mounting  bracket  to  a  block  with  a  series  of  holes.  To  avoid  having 
the  changing  magnetic  field  induce  movement  of  this  assembly  all  mounting  mount  parts  were 
fiberglass  and  screws  were  nylon.  Since  the  field  is  strong  enough  to  “pull”  non-magnetic  metals 
when  the  magnet  is  rotating,  the  wire  used  to  measure  the  voltage  generated  across  the  coil  also 
was  tied  down  to  the  channel  in  several  places.  The  asymmetry  in  the  curve  in  Figure  2.7  is  due 
to  voltage  generated  in  this  wire  as  it  stretched  across  the  magnet  to  reach  the  coil  when 
measuring  the  far  end. 

The  horizontal  profile  of  the  field  was  mapped  with  the  same  coil  mounted  near  the 
center  of  the  vertical  axis  of  the  sample  space,  as  the  magnet  rotated  past  the  stationary  coil.  This 
profile  was  measured  at  different  distances  from  the  rotor,  as  shown  with  the  vertical  profile  in 
Figure  2.9.  Figure  2. 1 1  represents  the  plot  closest  to  the  magnet  rotor. 


Figure  2.10.  Mapping  coil,  10mm  diameter 
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Figure  2.11.  Field  map  around  the  rotor 

A  10cm  X  0.25cm  coil,  shown  in  test  configuration  in  Figure  2.12,  was  fabricated  and 
permanently  installed,  by  mounting  to  a  fiberglass  channel  in  the  magnet-to-backiron  gap.  This  is 
connected  to  an  oscilloscope  to  provide  a  sync  signal  for  AC  current  relative  phase  control,  for 
better  simulations  [15],  and  to  indicate  the  actual  frequency  that  the  samples  are  being  exposed 
to.  Both  of  these  copper  wire  coils  were  oriented  so  the  magnetic  field  lines  would  pass  through 
the  loops  of  the  coils  as  in  a  current  sense  transformer  or  similar  to  a  Rogowski  coil.  These  were 
not  calibrated  for  specific  field  strength  measurements,  but  were  constructed  for  adequate 
sensitivity  and  stable,  repeatable,  relative  strength  measurements.  The  usable  sample  space  is 
approximately  170  mm  tall  x  100  mm  wide  x  70  mm  thick.  The  calorimeter/sample  holder  will 
hold  a  range  of  sample  sizes  and  geometries  inside  the  170  mm  x  100  mm  x  40  mm  range.  The 
linear  portion  of  the  magnetic  field  is  about  43  mm  wide  as  it  travels  along  the  100  mm  axis  of 
the  sample  holder.  The  steep  part  of  the  transition  from  north  to  south  is  about  89  mm  wide. 
Using  the  previous  1800  rpm  example  this  would  provide  a  field  reversal  in  about  3  msec. 


Figure  2.12.  Magnetic  field  frequency  sensing  coil 


2. 4. 2. 2  Measurement  Procedures 

Once  the  main  body  of  the  system,  containing  the  magnet  and  back  iron,  is  evacuated  the 
LN2  cell  can  be  filled  from  a  dewar.  This  is  done  very  slowly,  blowing  cold  N2  gas  deep  into  the 
cell  for  several  minutes  before  actually  introducing  liquid.  The  LN2  cell  is  tall  and  narrow  so  it  is 
desirable  to  limit  the  thermal  stresses  as  much  as  possible.  The  sample  holder,  containing  the 
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sample,  is  lowered  into  the  filled  LN2  eell  very  slowly  as  well,  sitting  in  eold  gas  above  the  liquid 
most  of  the  wait  time,  to  reduce  the  thermal  shock  from  immersion.  Filling  takes  ten  minutes  and 
insertion  takes  another  five  or  six  minutes. 

Typically  the  samples  are  held  in  place,  in  the  desired  orientation,  inside  the  sample 
holder  with  small  styrofoam  spacers,  making  contact  in  as  small  an  area  as  is  practical  to 
maintain  maximum  contact  with  the  LN2  for  cooling.  Both  small  sections  of  HTS  tape  and  IM 
coils  have  been  briefly  tested  to  verify  fit  and  functionality. 

When  the  sample  holder  is  inserted  into  the  LN2  cell  the  gas  collection  tube  to  the  mass 
flow  meter  is  valved  off  to  ensure  that  only  the  dry  N2  surrounding  the  sample  holder  is  pulled 
into  the  cell  as  it  cryopumps,  and  not  moist  air  backwards  through  the  flowmeter.  After 
immersion  the  valve  on  the  sample  cell  is  opened,  while  monitoring  the  resistance  on  the  level 
indicating  resistors,  and  is  closed  again  when  the  resistance  goes  up  on  one  of  them.  When  this 
valve  is  closed  the  valve  to  the  flow  meter  must  be  opened  to  prevent  an  exciting,  but  time 
wasting,  pressure  buildup  in  the  sample  holder.  At  this  point  the  LN2  cell  is  topped  off  since  it 
will  now  be  about  half  empty. 

Once  the  system  has  stabilized,  that  is,  the  LN2  is  boiling  off  at  a  steady  but  relatively 
sedate  rate,  the  flowmeter  can  be  zeroed  and  data  collected  in  the  same  way  as  with  the  self-field 
calorimeter  described  above.  The  difference  being  that,  instead  of,  or  in  addition  to,  turning  on 
the  AC  current,  the  magnet  is  rotated  at  the  proper  speed  to  deliver  the  desired  frequency  of 
magnetic  field. 

Using  a  5HP  variable  speed  motor  the  rotor  is  ramped  up  to  high  speeds  in  about  20 
seconds,  the  data  is  recorded  and  the  rotor  is  ramped  to  stop,  to  limit  inductive  heating  of  the 
backiron  and  magnet.  This  heating  will  increase  the  radiant  heating  of  the  LN2  cell  and  can  cause 
an  increase  signal  noise. 

2. 4. 2. 3  Sample  Demonstration 

In  order  to  visualize  system  response  and  sensitivity  a  comparison  was  made  between 
controlled  power  input  to  a  resistance  heater  and  a  12x5mm  copper  strip  inductively  heated  by 
the  rotating  magnet  rotor.  Resistor  power  and  rotor  RPM’s  were  stepped  down  from  a  higher 
starting  point  to  approach  the  base  system  noise  regime.  This  procedure  is  also  basically  the 
method  for  determining  offsets  and  correlating  sample  response  to  known  heat  loads.  It  was 
determined  that  starting  at  the  highest  power  in  the  planned  test  range  and  stepping  down 
through  the  lowest  provided  more  repeatability  and  a  clearer  chart  than  starting  low  and  going  up 
in  excitation  energy.  This  appears  to  be  due  to  the  sudden  surge  which  occurs  with  the  onset  of 
boiling  when  approaching  that  state  very  slowly.  Figure  2.13  illustrates  an  example  of  using  the 
same  stepping  down  method  with  lOOrpm  (HERTZ)  changes  in  motor  speed.  The  dip  at  “Time 
1900”  was  caused  and  interruption  in  the  drive  motor.  The  magnet  drive  motor  was  stepped 
through  even  motor  speeds,  the  actual  magnetic  field  frequency  was  measured.  The  steps  in  the 
graph  above  represent  stepping  through  the  following  magnetic  frequencies:  0,  42.2,  40.5,  38.9, 
35.6,  32.3,  38.9,  30.7,  29.1,  27.5,  25.9,  32.3,  0  Hz  (motor  off).  Illustrated  are  losses  of  0.45mW 
(OHz),  106mW  (42.2Hz),  96.75mW  (40.5Hz)  etc.  This  graph  represents  initial  operational  tests 
and  does  not  include  any  correction  calculations  or  noise  reduction.  Data  points  were  collected  at 
Ihz.  The  rotor  speed  was  increased  at  two  points  to  observe  how  well  the  system  behaved  with 
non-sequential  power  input  settings. 
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Measured  AC  Loss 
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Figure  2.13.  N2  flow  change  and  measured  magnetic  fleld  frequency  as  drive  motor  speed  is  reduced  in 

lOORPM  steps 


2.4.3  Summary 

An  isothermal  cryogenic  calorimeter  has  been  designed  and  built  to  determine  the  total 
AC  transport  and  alternating  magnetic  field  losses  from  a  variety  of  different  sized  coils  and 
small  samples  of  high  temperature  superconductor  when  exposed  to  strong,  varying  frequency, 
external  magnetic  fields,  and/or  variable  frequency  AC  current. 

Electrical  and  magnetization  losses  from  the  HTS  coil  are  integrated  and  given  off  as 
heat,  slightly  increasing  the  boiling  rate  of  the  LN2  used  to  cool  the  coil.  Very  slight  boiling  of 
the  LN2  occurs  continuously  due  to  the  radiant  heating  of  the  magnet  and  backiron.  However  the 
entire  sample  is  in  contact  with  LN2  at  all  times  for  uniform  cooling  and  to  collect  all  heat  losses 
as  quickly  as  possible  without  waiting  for  equilibrium. 

Heat  loss  calculations  from  the  energized  coil  are  based  on  standard  nitrogen  heat  of 
vaporization  while  the  actual  measurement  is  of  the  gas  evolving  from  evaporating  LN2  using  a 
commercial  mass  flow  meter  to  record  flow  rate,  gas  temperature  and  atmospheric  pressure. 
Reduced  sensitivity  is  believed  to  be  caused  by  radiant  heating  from  the  proximity  of  the  magnet 
and  back  iron.  Cryogenically  cooling  the  interior  of  the  instrument,  as  was  done  with  the  self- 
field  calorimeter,  could  reduce  background  signal  and  increase  sensitivity. 

The  ability  of  the  system  to  measure  reasonably  small  external  magnetic  field  induced 
eddy  current  losses  in  a  small  sample  has  been  demonstrated. 

The  sensitivity  of  the  systems  are  such  that  they  can  individually  measure  low  end  losses 
from  a  few  mW  in  a  current  transport  generated  self-field  mode,  or  from  several  hundred  mW 
low  end,  in  dynamic  magnetic  field  with  or  without  AC  transport  current. 
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2.5  Description  of  Bulmer  Circle  Terahertz  Emitter 

•  Terahertz  radiation  will  not  penetrate  metal  and  is  substantially  attenuated  by  some 
plasties.  This  means  that  the  sample  eannot  be  in  a  metal  or  inappropriate  plastic 
container  during  emission  tests. 

•  Emissions  radiate  from  the  edge  of  the  circle.  Because  of  this  it  is  best  if  the  sample  is  not 
on  a  metal  mount  since  this  can  affect  the  far  field  pattern  and  complicate  measurements. 

•  The  Bulmer  Circles  are  superconducting  YBCO  and  need  to  be  cooled  to  about  77  K. 

LN2  is  the  favored  coolant  for  this  material,  but  does  not  pass  the  infrared  laser  very  well. 

•  YBCO  is  somewhat  moisture  sensitive,  so  the  cooled  sample  must  be  shielded  from  the 
air  to  prevent  condensation.  The  YBCO  is  deposited  as  a  thin  film  (<300nm)  on  a 
sapphire  wafer. 

•  The  circles  must  be  connected  to  a  DC  power  supply  and  also  have  a  solenoid  coil  very 
near-by  (within  2  or  3  mm)  to  charge  the  circle  under  test. 

•  The  emissions  are  triggered  using  a  very  short  pulse  near  infrared  laser.  The  housing 
must  admit  this  wavelength  and  high  peak  energy  laser  and  not  excessively  distort  the 
beam. 

•  Measurements  were  performed  at  the  University  of  Dayton,  because  that  is  the  location  of 
one  of  the  femtosecond  lasers  that  was  available. 

From  the  initial  planning  stage,  the  laser  based  triggering  method  and  specifications  have 
not  been  changed.  The  sample  mounting  and  cooling  method  has  gone  through  three  distinct 
iterations,  typically  with  time  and  funding  constraints.  The  first  iteration  used  a  LN2  bath  for 
cooling.  The  LN2  container  was  double  wall  polyethylene  with  expanded  polystyrene  for 
insulation,  since  these  are  the  most  transmissive  plastics  for  the  terahertz  band.  The  sample  was 
mounted  on  the  end  of  a  section  of  vertically  mounted  aluminum  bar  stock.  The  aluminum  was 
sized  to  hold  the  sample  above  the  surface  of  the  LN2  to  provide  laser  access.  The  aluminum  also 
provided  thermal  conduction  from  the  LN2  bath  to  cool  the  sample  which  was  affixed  with  N- 
grease  to  maximize  conduction.  Since  there  is  some  latitude  in  the  required  temperature  for 
superconductivity  this  was  adequate  cooling,  but  time  limited  due  to  the  finite  amount  of  LN2  in 
the  bath. 

Two  methods  were  tried  for  charging  the  circles.  Power  leads  were  directly  connected  to 
gold  pads  intersecting  the  rings  on  the  sapphire  substrates  and  one  hundred  turns  of  copper  wire 
were  wrapped  around  the  aluminum  bar  to  form  the  solenoid  coil  for  the  alternate  method  of 
charging  the  coil.  Both  methods  appeared  to  work,  however  the  solenoid  was  the  easiest  to  use 
and  analyze/explain.  The  gold  pads  were  fragile  and  easily  damaged  and  there  was  some  concern 
about  knowing  the  path  of  the  current  through  the  ring. 

To  prevent  condensation  on  the  cold  sample  the  entire  assembly  was  placed  inside  a 
plastic  box,  made  of  PMMA,  since  polycarbonate  attenuates  the  terahertz  band.  A  quartz  window 
was  installed  as  a  laser  window  to  permit  triggering  emissions.  The  box  was  purged  with  dry 
nitrogen,  from  the  boiled  off  LN2  coolant.  This  eliminated  condensation  problems  during  tests. 
Changing  samples  was  very  difficult  however  largely  because  it  took  so  long  for  the  aluminum 
rod  to  warm  up  above  the  dew  point  of  the  room  and  the  sample  could  not  be  separated  from  it 
until  the  N-grease  would  soften,  at  around  0  °C. 
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The  experiments  verified  that  the  concept  was  valid:  It  was  shown  that  using  a  laser  pulse 
it  is  possible  to  generate  terahertz  radiation  directly  from  a  DC  current  without  intermediate 
electronics. 

For  the  second  set  of  experiments,  intended  to  measure  the  radiation  emitted,  it  was 
decided  that  extending  the  actual  cold  time  of  the  sample  would  permit  making  comparative 
emission  measurements.  If  possible,  controlling  the  temperature  was  also  desirable  to  see  if 
approaching  the  Tc  of  the  superconductor  would  change  the  emissions. 

A  set  of  mechanical  cryocoolers  were  selected  because  they  can  run  for  hours  at  a  time 
and  have  more  than  adequate  cooling  capacity.  They  were  mounted  in  parallel  in  a  vacuum 
chamber,  one  to  cool  the  sample  and  one  to  cool  the  two  sets  of  power  leads  and  eight 
temperature  sensor  leads,  to  limit  parasitic  heating  along  the  wires.  Operating  in  a  vacuum 
eliminated  condensation  problems  and  provided  insulation  for  the  cold  ends  of  the  cryocoolers. 
The  cryocoolers  are  metal,  so  to  move  the  sample  from  the  immediate  proximity  a  sapphire  rod 
was  fixed  to  the  end  of  the  cryocooler  and  the  sample  was  once  again  mounted  with  N-grease 
onto  the  sapphire.  Sapphire  has  thermal  conductivity  similar  to  steel  and  the  cryocooler  would  be 
operated  at  well  below  the  Tc  of  the  YBCO  so  it  was  more  than  adequately  cooled. 

The  solenoid  coil  was  wrapped  around  the  sapphire  rod.  The  cryocoolers  vibrated 
vigorously  during  operation  so  the  vacuum  chamber  was  about  1 5  kg  of  steel  with  a  pyrex  and 
quartz  bell  jar  assembly  to  transmit  the  laser  trigger  beam  and  the  terahertz  emissions.  The 
cryocoolers  also  required  officially  obsolete  software  to  control  so  there  was  substantial 
difficulty  in  that  area,  enough  so  that  it  was  decided  to  not  use  them  for  the  third  session  of 
experiments.  The  sapphire  rod  proved  to  work  well  for  conductive  cooling  except  for  the 
vibration  of  the  cryocooler  causing  repeated  failure  of  the  thermal  joint  between  them  and  the 
rod. 

The  third  set  of  experiments,  currently  under  development,  is  using  vacuum  pumped  LN2. 
The  cryocooler  vacuum  chamber  was  modified  to  hold  an  expanded  polystyrene  foam  cup  as  a 
LN2  container,  the  sapphire  rod  is  mounted  in  the  cup  and  cools  the  YBCO  circle  as  before.  By 
controlling  the  vacuum  pressure  the  temperature  of  the  LN2  can  be  controlled  within  useful 
limits. 
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3.  Growth  of  High-quality  Carbon  Nanotubes  on  Free-standing  Diamond  Substrates 

3.1  Introduction 

Three  carbon-based  materials  have  demonstrated  the  potential  for  high  thermal 
conductivity:  graphite,  diamonds  and  carbon  nanotubes  (CNTs).  Due  to  the  high  thermal 
conductivity  (-1800  W/km)  of  diamond,  heat  spreaders  made  of  diamond  plates  are  useful  for 
thermal  management  in  high  power  electronic  devices  [1]  such  as  laser  diodes,  RF  power 
transistors,  etc.  Diamond  heat  spreaders  help  to  quickly  transfer  heat  from  the  devices  to  heat 
sinks  and  thus  improve  the  reliability  and  device  performance  [2].  Diamond  coatings  deposited 
by  chemical  vapor  deposition  (CVD)  were  also  investigated  to  serve  as  heat  spreading  films  for 
thermally  limited  high-power  high-frequency  devices  [3].  In  addition  to  diamond  films,  discrete 
CNTs  also  were  found  to  have  very  high  thermal  conductivity  (-3000  W/km)  along  with  high 
mechanical  compliance  and  thus  offer  a  potential  for  the  development  of  the  next  generation 
thermal  interface  materials  [4-6].  CNTs  can  make  excellent  thermal  interface  materials  if  the 
proper  quality  can  be  maintained  along  with  a  robust  attachment  to  the  desired  devices.  For 
example,  chip  cooling  with  CNT  microfm  architectures  have  been  recently  proposed  by  Kordas 
et  al.  [5].  CNT  films  as  thermal  interface  materials  were  also  discussed  by  Zhu  et  al.  [6].  Initial 
results  by  this  group  showed  that  an  assembly  with  CNTs  has  a  thermal  conductivity  of  81  W/m 
K  and  a  thermal  resistance  of  0.43  cm^  K/W. 

As  an  interface  material,  CNTs  have  been  demonstrated  to  grow  on  a  variety  of 
materials/substrates.  Cola  et  al.  studied  the  performance  of  a  thermal  interface  material 
consisting  of  Cu  foil  and  CNT  arrays  and  reported  that  thermal  interface  resistances  of  less  than 
10  mm^  K/W  are  possible  [7].  Xu  and  Fisher  [8]  reported  enhancements  in  thermal  conductance 
using  CNT  arrays  grown  on  Si  wafers  by  plasma  enhanced  CVD  and  reported  a  thermal  interface 
resistance  of  19.8  mm^  K/W.  Cola  et  al.  [9]  investigated  CNT  arrays  grown  on  SiC  to  serve  as 
thermal  interface  materials  for  high  temperature  SiC  devices  and  achieved  thermal  resistances 
less  than  10  mm^  K/W.  CNTs  were  grown  by  Wang  et  al.  on  both  sides  of  metallic  substrates  to 
fabricate  thermal  interface  materials  [10].  Samples  fabricated  in  this  study  were  measured  to 
have  thermal  interface  resistance  of  12  mm^  K/W.  CNTs  were  also  grown  on  constantan 
substrates  for  similar  applications  without  the  use  of  catalysts  [11].  Carbon  nanofiber-Cu 
composite  films  have  been  reported  by  Ngo  et  al.  to  have  very  low  thermal  resistances  (0.25  cm^ 
K/W)  to  serve  as  thermal  interface  materials  for  microelectronic  packaging  [12]. 

It  is  therefore  reasonable  to  consider  the  growth  of  CNTs  on  diamond,  since  both  can 
have  superior  thermal  conductance.  A  structure  containing  a  composite  of  diamond  substrates  for 
heat  spreading  and  CNTs  for  heat  radiation  on  top  of  them  could  provide  a  useful  combination  to 
efficiently  conduct  away  the  heat.  Enhancement  of  thermal  diffusivity  properties  of  the  diamond 
spreaders  can  be  expected  by  combining  CNTs  grown  on  diamond  substrates.  In  the  present 
work,  initial  results  of  growth  and  characterization  of  CNTs  grown  on  diamond  substrates  are 
presented. 

3.2  Experimental 

Diamond  substrates  were  grown  in  a  5  kW  microwave  plasma  CVD  system  on  2  in. 
diameter  silicon  wafers.  Prior  to  the  diamond  growth,  the  Si  wafers  were  thoroughly  cleaned  and 
scratched  with  diamond  crystals  (pre-seeding)  in  an  ultrasonic  bath  to  initiate  nucleation  [13]. 
Diamond  growth  was  carried  out  in  a  low  concentration  of  CH4  (1.5-2%)  as  the  carbon  source 
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gas  in  a  carrier  gas  of  hydrogen.  Diamond  films  were  grown  using  mierowave  powers  between 
2500  and  4000  W  at  temperatures  of  850-900  °C  for  6-7  days  to  obtain  films  of -100  pm  thiek. 
Free-standing  diamond  substrates  were  subsequently  obtained  by  dissolving  away  the  silieon 
wafer  using  chemical  etchants.  A  catalyst  layer  (Ni  or  Ni-9%W-1 .5%Fe)  was  then  deposited  by 
sputtering  directly  onto  the  diamond  substrates  without  using  any  intermediate  layers.  In  addition 
to  pure  Ni,  alloy  catalysts  were  also  used  to  encourage  base  growth.  [14].  All  the  depositions 
were  done  at  room  temperature  and  the  metal  eatalyst  layers  from  2  to  10  nm  thickness  were 
deposited  by  varying  the  deposition  time.  While  some  samples  were  treated  in  Ar/5%  H2 
atmosphere  for  30  min  to  create  eatalyst  islands  prior  to  CNT  growth,  other  samples  were 
direetly  used  for  CNT  growth  without  a  prior  heat  treatment. 

CNT  growth  was  done  in  a  lab-construeted  thermal  CVD  system  using  a  1  in.  diameter 
quartz  tube  in  a  horizontal  fumaee.  Initially,  the  tube  fumaee  was  evacuated  by  using  a  rough 
pump  and  then  purged  with  Ar/5%  H2  for  20  min.  The  fumaee  with  the  samples  was  heated  in  an 
Ar/5%  H2  atmosphere  to  750-800  °C.  A  preeursor  gas  of  10  vol.%  C2H2  in  an  argon  carrier  gas 
was  introdueed  as  the  carbon  source  at  a  flow  rate  of  50^00  seem.  The  CNTs  were  grown  for 
different  lengths  of  time  varying  from  30  to  120  min.  The  samples  were  then  cooled  in  an  Ar/5% 
H2  mixture  to  room  temperature.  Some  samples  were  also  grown  at  a  total  pressure  of  90  torr  to 
observe  the  effect  of  low  pressure  growth. 

Both  diamond  and  CNT/diamond  samples  were  analyzed  by  using  a  high  resolution  FBI 
Sirion  seanning  electron  microscope  (SEM)  and  a  Delta  Nu  Raman  microseope  using  a  532  nm 
diode  laser.  A  Rigaku  powder  X-ray  diffractometer  (XRD)  was  used  to  obtain  theta-two  theta 
seans  from  the  samples.  CNTs  from  the  diamond  substrate  were  separated  and  then  transferred  to 
a  eopper  grid  and  analyzed  in  a  FBI  Teenai  F20  analytieal  transmission  electron  microscope 
(TEM)  with  a  point-to-point  resolution  of  0.21  nm  to  determine  the  crystalline-quality. 

3.3  Results  and  Discussion 

Using  mierowave  plasma  CVD,  diamond  eoatings  up  to  100  pm  thiek  were  processed. 
Figure  3.1  shows  a  SEM  image  of  a  diamond  substrate  processed  in  the  present  study.  It  can  be 
seen  that  these  substrates  have  large  erystals  of  diamonds  with  sharp  facets  and  as  a  result  have 
rough  surfaees.  Figure  3.2  shows  a  theta-two  theta  XRD  pattern  taken  from  a  diamond  substrate. 
Peaks  eorresponding  to  different  orientations  of  the  diamond  were  noted,  indicating  the 
polycrystalline  nature  of  the  diamond  substrates.  Figure  3.3  shows  Raman  speetra  taken  from 
one  of  the  large  crystal  diamond  substrates.  A  sharp  peak  at  1332  em'*  at  room  temperature  is 
observed  with  a  very  low  G  peak  at  1550  em  ',  indieating  a  high  degree  of  sp3  bonding  in  the 
carbon  and  that  the  samples  are  of  high  quality.  Similar  sharp  peaks  were  also  noted  in  high- 
quality  diamond  substrates  in  the  literature  [15,16]. 

The  free-standing  diamond  substrates  obtained  by  dissolving  the  Si  substrate  were  found 
to  be  fairly  translueent,  providing  an  additional  indieation  of  very  low  impurity  levels  {sp^ 
carbon  etc.)  in  these  substrates.  The  lower  impurity  levels  in  the  diamond  films  are  desirable  due 
to  their  better  thermal  conduetivities  [1].  In  addition,  the  microstrueture  of  polycrystalline 
diamond  films  with  grain  boundaries  also  influences  thermal  eonductivity  [17,18].  Sinee  the 
large  crystal  diamond  substrates  have  a  redueed  grain  boundary  area,  the  in-plane  thermal 
conductivity  is  expected  to  be  better  in  large  erystal  diamond  substrates  as  compared  to  small 
crystal  diamond  substrates.  The  quality  of  the  diamond  substrates  just  deseribed  under  the 
conditions  in  this  study  appears  to  be  most  suitable  for  growing  CNTs  for  thermal  management 
studies. 
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Figure  3.1.  SEM  micrograph  of  as-grown  diamond  sample  showing  facets  of  crystals 


Figure  3.2.  X-ray  diffraction  pattern  taken  from  a  diamond  substrate 
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Figure  3.3.  Raman  spectra  taken  from  a  diamond  substrate  as  compared  to  CNT/diamond  samples 

Complete  CNT  eoverage  of  rough  diamond  substrates  is  very  important  for  improved 
thermal  contact.  Experiments  were  conducted  with  several  samples  of  different  metal  layer 
thicknesses  and  sputtering  parameters  to  determine  the  effect  on  catalyst  coverage,  as  coverage 
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of  the  catalyst  particles  will  determine  the  final  CNT  coverage.  Since  intermediate  layers  were 
not  used,  catalyst  particle  coarsening  was  likely  to  occur  during  annealing.  In  addition,  the  facets 
present  in  the  diamond  could  assist  in  the  rapid  coarsening  of  the  catalyst  particles  due  to  the 
presence  of  the  valleys  between  grains.  Figure  3.4  shows  a  CNT  grown  on  a  diamond  sample 
deposited  with  a  2-5  nm  thick  Ni-9%W-1.5%Fe  catalyst  using  initial  set  of  sputtering 
conditions  (30  mA,  0.44  kV,  200  mtorr  Ar,  10  min).  After  the  CNT  growth  on  these  samples,  it 
can  be  seen  that  only  certain  facets  were  found  to  be  covered  with  a  high  density  of  CNTs  (bright 
areas),  whereas  other  areas  appear  to  have  a  very  low  density  (dark  areas).  Although  the  whole 
area  of  the  substrate  was  exposed  to  CNT  growth,  only  certain  areas  had  the  appropriate  metal 
catalysts  necessary  for  the  growth  and  this  resulted  in  partial  coverage  of  the  surface. 


Figure  3.4.  Partial  coverage  of  CNTs  grown  on  diamond  snbstrate  partially  covered  with  Ni-W-Fe  deposited 

by  using  initial  sputtering  conditions 

Proper  coverage  of  the  surface  was  obtained  using  optimized  sputtering  conditions  (190 
mA,  0.32  kV,  200  mtorr  Ar,  2  min)  and  around  5-9  nm  thick  Ni  was  deposited  to  create  the 
catalyst  nanoparticles.  As  shown  in  Figure  3.5,  complete  coverage  of  the  substrate  with  CNT 
growth  is  possible  with  a  catalyst  layer.  Although  the  initial  diamond  substrate  surface  was  rough 
due  to  the  faceting,  the  surface  is  completely  covered  with  a  thin  layer  of  CNT  carpet.  A  higher 
magnification  photomicrograph  of  the  samples  is  shown  in  Figure  3.6,  where  randomly-oriented 
CNTs  can  be  clearly  seen.  A  cross-sectional  SEM  micrograph  of  the  sample  shown  in  Figure  3.7 
demonstrates  that  3-5  Im  thick  CNT  carpet  is  present  on  the  samples.  Samples  processed  with 
the  optimized  sputtering  conditions  for  Ni-9%W-1.5%Fe  also  provided  similar  CNT  coverage. 
Although  the  initial  diamond  substrate  surface  was  rough  due  to  the  faceting,  the  surface  is 
completely  covered  with  a  thin  layer  of  CNT  carpet.  A  higher  magnification  photomicrograph  of 
the  samples  is  shown  in  Figure  3.6,  where  randomly-oriented  CNTs  can  be  clearly  seen.  A  cross- 
sectional  SEM  micrograph  of  the  sample  shown  in  Figure  3.7  demonstrates  that  3  to  5  pm  thick 
CNT  carpet  is  present  on  the  samples.  Samples  processed  with  the  optimized  sputtering 
conditions  for  Ni-9%W-1.5%Fe  also  provided  similar  CNT  coverage. 
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Figure  3.5.  Complete  coverage  of  CNTs  on  diamond  substrates  with  Ni  catalysts  deposited  by  sputtering 

using  optimized  conditions 


Lc  release: 


Figure  3.7.  Cross-sectional  SEM  image  showing  CNTs  grown  on  a  diamond  substrate 


CNTs  observed  by  TEM,  as  shown  in  Figure  3.8  (a),  indicate  that  the  diameter  of  the 
samples  is  around  20  nm.  High  resolution  TEM  of  the  samples  show  that  growth  of  high 
crystalline-  quality  CNTs  on  diamond  substrates  is  possible.  This  particular  image  is  of  a 
MWCNT  where  16  walls  are  present  as  shown  in  Figure  3.8  (b).  In  order  to  further  confirm  the 
quality  of  these  CNTs,  Raman  spectra  were  taken  on  different  samples.  Figure  3.3  shows  a  D/G 
peak  ratio  of  0.89  for  the  sample  grown  in  atmospheric  pressures  (CNT/diamond  #2).  However, 
in  other  samples  (CNT/diamond  #1)  grown  with  Ni  islands  and  400  seem  of  C2H2  flow  rate  in  90 
torr  of  pressure,  a  D/G  ratio  as  low  as  0.3  was  obtained  as  shown  in  Figure  3.3  indicating  the 
possibility  of  growing  high-quality  MWCNTs  on  diamonds.  It  is  shown  in  the  literature  that 
smaller  the  D/G  ratio,  the  better  the  structural  purity  of  the  graphitic  materials  [19]  and  in  the 
present  study  samples  showed  D/G  ratios  of  0.2-0. 3  when  grown  in  low  pressure. 


Figure  3.8.  (a)  TEM  micrograph  showing  20  nm  diameter  CNTs  grown  on  diamond  substrates,  and  (b)  high 
resolution  TEM  micrograph  showing  16  walls  of  highly  crystalline  MWCNT 
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The  lower  pressure  growth  seems  to  improve  the  D/G  ratio  of  CNTs  grown  on  diamond 
as  opposed  to  atmospheric  pressure  growth.  While  increasing  the  growth  times  resulted  in  longer 
tubes,  the  growth  temperature  variations  between  750  and  800  °C  did  not  show  much  noticeable 
changes  in  CNTs.  Also,  prior  heat  treatment  of  the  catalyst  islands  did  not  appear  to  influence  the 
growth  of  CNTs,  as  the  samples  heated  in  Ar/H2  environment  prior  to  CVD  or  the  samples 
treated  in  the  CNT  furnace  yielded  similar  quality  CNTs.  With  the  growth  of  CNT  on  diamond 
substrates  demonstrated  as  possible  for  thermal  applications,  thermal  resistance  measurements  of 
these  substrates  are  underway. 

3.4  Summary 

It  is  shown  that  high-quality  multi -wall  CNTs  can  be  grown  on  diamond  substrates 
without  using  intermediate  oxide  buffer  layers.  Both  Ni  and  Ni-9%W-1.5%Fe  catalysts 
deposited  by  optimized  sputtering  conditions  were  found  to  produce  CNTs  on  rough  diamond 
substrates.  Proof  of  the  good  CNT  crystallinity  was  provided  by  TEM  and  Raman  spectroscopy, 
with  a  D/G  ratio  of  0.2-0. 3  in  Raman  spectra  being  observed  on  such  samples. 
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4.  Growth  and  Characterization  of  Carbon  Nanotubes  for  Thermal  Management  and 
Electrical  Applications 

4.1  Research  Objectives 

This  research  mainly  addresses  (1)  basic  scientific  issues  related  to  the  direct  growth  of 
CNTs  on  substrates  applicable  to  advanced  electronics  packaging  solutions  such  as  ceramics, 
metals,  and  carbon  based  foam  structures;  (2)  functionalization  and/or  metallization  of  the  CNT 
arrays  to  form  thin  CNT-metal  composite  layers  on  the  surfaces  of  these  substrates;  and  (3) 
characterization  of  the  resulting  thermo-mechanical  properties  of  the  integrated  micro-composite 
layers.  The  effort  is  also  focused  on  investigating  how  CNT  growth  methods  along  with  pre-  and 
post-processing  techniques  affect  the  thermo-mechanical  properties  and  performance  of  CNTs 
grown  on  various  substrates  and  foams.  The  goal  and  impact  of  this  effort  is  to  grow  CNTs  onto 
strategically  selected  substrates  to  act  as  an  interface  layer  in  the  packaging  of  high  temperature 
power  electronic  components  such  as  silicon  carbide  (SiC)  devices.  In  addition  to  potential 
reductions  in  interfacial  thermal  and  electrical  resistance,  using  CNT  based  layers  should  act  as 
an  elastic  heat  sink  or  heat  spreader  layer.  Specifically,  it  may  allow  for  the  joining  of  two 
thermally  incompatible  packaging  layers,  resulting  in  improved  reliability  of  devices  that  are 
thermally  cycled  within  lamellar  compact  packages.  The  primary  benefit  potential  is  both  an 
enhancement  of  thermal  interfacial  impedances  and  improved  thermal  expansion  coefficient 
mismatch  stress  reduction. 

Specific  objectives  and  subcategories  under  this  effort  include: 

•  Expand  CNT  growth  processing  capabilities.  Modify  thermal  chemical  vapor 
deposition  (ThCVD)  procedure  and  institute  new  floating  catalyst  chemical  vapor 
deposition  (FCCVD)  method  for  deposition  on  two  and  three-dimensional  (3D) 
substrates;  and  develop  processes  to  realize  CNT  growth  on  metal  foils  for  the 
purpose  of  creating  a  micro-carbon  composite  layer  on  the  surface  of  Cu  and 
other  candidate  foils. 

•  Investigation  of  the  growth  and  functionalization  of  nanotubes  on  porous  cellular 
carbon  materials.  Demonstrate  CNT  growth  on  vitreous  carbon  based  foam 
structures  for  heat  transfer  applications  such  as  heat  sinks  for  electronics  cooling 
applications;  Determine  the  effects  of  carbon  foam  surface  pre-treatment  on  CNT 
growth  and  morphology/structure 

•  Development  of  processes  to  grow  CNT  with  controllable  structure/morphology 
on  metal  foil  substrates.  Create  a  flexible  thermal  interface  CNT  layer  by  using  a 
chemical  vapor  deposition  (CVD)  method;  Determine  the  effects  of  CVD 
processes  and  buffer  layer  on  CNT  morphology,  quality,  thermal  and  interfacial 
properties 
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4.2  Approaches 

4.2.1  Growth  of  CNT  Layer  with  Controllable  Structure/Morphology  on  Metal  Foil 

Substrates 

Compared  to  growing  CNTs  on  conventional  inert  substrates  (e.g.,  SiOi),  direct  growth 
of  CNTs  onto  reactive  metallic  substrates  (such  as  Cu  or  A1  foil)  is  still  a  challenge.  The  main 
difficulty  lies  in  controlling  the  CNT  growth  structure  and  morphology  due  to  diffusion  of 
metallic  catalysts,  such  as  Fe  or  Ni,  into  metallic  substrates.  To  solve  this  problem,  a  thin  buffer 
layer,  such  as  AI2O3  or  Si02,  is  pre-coated  on  the  metal  foil  substrate,  followed  by  CNT  growth 
using  the  THCVD  and  FCCVD  method.  Results  indicate  that  the  buffer  layer  plays  a  key  role  in 
influencing  the  CNT  growth  and  morphology  such  as  density,  alignment  and  thickness. 
Therefore,  the  effect  of  materials  and  thickness  of  buffer  layer  as  well  as  layer  deposited  method 
on  CNT  growth  and  quality  are  investigated  in  order  to  gain  an  understanding  of  the  parametric 
control  required  to  achieve  specific  CNT  characteristics  and  properties. 

Using  a  CNT  layer  as  a  thermal  interface  material,  the  large  thermal  contact  resistances 
and  weak  interfacial  adhesion  are  two  of  the  most  pressing  challenges  due  to  the  low  fraction  of 
CNT-substrate  contact  and  lack  of  chemical  bonding  between  the  CNT  and  the  substrate  surface. 
Therefore,  managing  the  CNT/substrate  interface  to  effectively  reduce  the  thermal  contact 
resistance  and  simultaneously  improve  the  interfacial  adhesion  is  another  beneficial  research 
focus  area.  To  address  these  challenges,  we  use  different  surface  treatment  methods  such  as 
varying  buffer  layer  material,  thickness,  deposition  method,  and  substrate  roughness 
modification. 

4.2.2  Growth  and  Functionalization  of  Nanotubes  on  Porous  Cellular  (Foam)  Carbon 

Materials 

Carbon  foam  (CF)  is  a  low  cost,  light  weight,  and  thermally  conductive  material.  CNTs 
have  impressive  mechanical,  electrical,  and  thermal  properties.  Growing  CNTs  on  carbon  foam 
provides  a  large  surface  area  that  is  ideal  for  heat  transfer  or  heat  spreader  applications. 
Preliminary  experiments  are  ongoing  to  determine  the  best  methods  to  evenly  distribute  the 
growth  of  CNTs  throughout  the  entire  depth  of  the  foam  to  enhance  the  appealing  properties  of 
the  foam.  To  reach  this  goal,  the  effort  during  this  reporting  period  is  focused  on  using  different 
surface  treatment  methods  on  carbon  foam  substrates,  followed  by  CNT  growth  using  a  floating 
catalyst  chemical  vapor  deposition  (FCCVD)  method.  Five  types  of  surface  modifications  on 
carbon  foam  are  used  to  investigate  the  effect  of  CF  surface  treatment  on  CNT  growth.  In 
comparing  the  CNT  growth  results,  we  find  that  samples  coated  with  an  AI2O3  thin  layer  by 
atomic  layer  deposition  (ALD)  yield  dense,  aligned  CNT  forest  growth. 

Aligned  CNTs  with  different  lengths  and  density  were  successfully  grown  throughout 
carbon  foam  substrates  by  changing  the  buffer  layer  material  and  thickness.  This  controllable 
growth  capability  allows  us  to  determine  the  effect  of  the  CNT  layer  structure  on  the  thermal  and 
mechanical  properties.  In  addition,  using  both  electrode  and  electro-less  plating  methods,  we 
deposited  a  nickel  layer  onto  the  CNTs  to  further  enhance  the  interfacial  properties  of  the  CNT 
layer  with  mating  substrate,  which  resulted  in  improved  thermal  and  electrical  transport 
properties.  This  metallization  step  also  can  serve  as  active  sites/catalysis  for  further  modification 
and  assembling  of  CNTs. 
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4.2.3  Characterization  of  the  Structure  and  Thermal  and  Mechanical  Properties  of  CNT 

Based  Nano-composites 

As  with  any  scientific  analysis,  methodical  experimentation  is  important.  It  is  important 
to  use  what  is  learned  and  improve  on  the  experimental  methods  to  achieve  the  goals  and 
objectives.  As  known,  the  properties  and  performance  of  the  integrated  nanotube  structures 
(nanocomposite)  depend  on  CNT  structure,  morphology  and  interface  connection.  Therefore,  the 
characterization  of  the  nanostructures  and  the  determination  of  the  nanomaterial  properties  are 
important  for  improving  the  growth  methods  and  techniques,  which  is  necessary  to  achieve  our 
research  objectives.  In  order  to  control  the  CNT  layer  structure  quality,  the  samples  made  by 
different  growth  methods  -  before  and  after  substrate  pre -treatment  and  post-CNT  growth  -  will 
be  analyzed  and  characterized.  The  primary  characterization  methods  will  involve  samples 
generated  for  atomic  force  microscopy  (ATM),  high  resolution  scanning  electron  microscopy 
(HR-SEM),  Raman  spectroscopy,  laser  flash,  thermal  impedance  measurements  and  a  custom 
pull-off  tester.  Details  of  the  structure/property  characterizations  will  be  described  in  the  next 
section. 

4.3  Growth  of  CNT  on  Copper  and  Metal  Foil 
4.3.1  Introduction 

Carbon  nanotubes  (CNTs)  with  unique  thermal/electrical/mechanical  properties  and 
inherently  large  surface  area  are  an  attractive  candidate  for  integration  into  thermal  structures 
and  for  a  flexible  thermal  interface  material  in  power  electronics  packages.  Although  vertically- 
aligned  (VA)  CNT  synthesis  on  silicon  substrates  has  been  widely  investigated  and  has  shown 
great  promise  [1-3],  integrating  these  CNT/Si  composites  into  an  actual  package  configuration  is 
not  a  trivial  endeavor.  Namely,  the  high  temperatures  needed  for  CNT  growth  would  ruin  most 
conventional  Si  based  electronic  devices.  Hence,  trying  to  grow  CNTs  directly  on  the  back  of  a 
Si  die  would  be  ill-advised.  Instead,  growth  of  CNTs  directly  onto  one  of  the  metallic  substrates 
typically  used  for  packaging  would  be  preferred  [4,  5].  Copper  is  one  of  the  most  common  of 
these  metallic  components  and  has  been  used  in  many  applications  due  to  its  high  thermal  and 
electrical  conductivity  and  with  respect  to  low  cost.  The  direct  growth  of  nanotubes  on  Cu  or 
other  metal  substrates  would  not  only  provide  a  thermally  conductive  transition  layer  between 
materials  of  varying  thermal  expansion  rates  ,  but  it  would  also  eliminate  some  processing  steps 
and  reduce  the  number  of  resistive  junctions  in  the  package.  Furthermore,  these  CNTs/metal 
composite  structures  could  be  used  as  a  conductive  support  for  different  applications  such  as 
energy  storage,  sensing,  and  nano-electronics  etc.  [4]. 

Using  Vertically  Aligned  CNTs  (VA-CNT)  as  a  thermal  interface  material  has  been 
extensively  reported  [6-12].  Compared  to  CNT  growth  on  conventional  inert  substrates  (such  as 
Si02),  controlling  CNT  growth,  structure  and  morphology  on  active  metallic  substrates  is  much 
more  of  a  challenge.  The  reason  is  because  the  diffusion  between  metallic  catalyst  (such  as  Fe  or 
Ni)  and  metallic  substrate  (for  example  Cu)  under  CNT  synthesis  conditions  will  reduce  catalyst 
activity.  So  far,  VA-CNT  direct  growth  on  various  metal  substrates  has  been  reported  by  several 
groups,  and  growth  of  CNT  directly  on  copper  substrate  is  still  not  completely  understood.  For 
example,  Wang  et  al.  grew  VA-CNTs  on  a  copper  foil  surface  by  water- vapor-assisted  CVD 
[13],  but  the  quality  and  the  structure  of  the  “VA-CNTs”  on  copper  were  not  clearly  described. 
Recently,  Yin  et  al.  reported  growing  multi-walled  CNTs  on  an  oxygen-free  copper  substrate 
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with  a  poor  CNT  alignment  [14],  VA-CNTs  made  in  Fisher’s  researeh  group  by  PECVD  for 
thermal  management  [6,  9]  exhibited  different  average  diameters,  diameter  distributions  and 
CNT  eoverage  on  the  growth  substrates  even  though  the  same  synthesis  conditions  were  used. 
Overall,  quality,  alignment  and  reproducibility  of  CNTs  with  desired  structure/morphology  are 
main  issues  for  direct  growth  CNTs  on  metal  substrates. 

To  grow  CNTs  directly  on  a  metallic  substrate,  most  researchers  have  paid  more  attention 
to  CNT  growth  rather  than  the  interfacial  properties  of  CNTs/substrate,  specifically, 
quantification  of  CNT  to  substrate  bond  strength.  Therefore,  the  growth  of  CNTs  on  selected 
substrates  with  controllable  structure  and  properties  as  application  requirement,  finding  out  the 
relationship  of  CNT  structure/morphology  with  performance  of  CNT-based  nanocomposites  as 
well  as  increasing  interface  bonding  strength  between  CNTs  and  metal  substrate  by  varying 
catalyst  and  buffer  layer,  all  of  these  as  remained  significant  challenges  and  an  active  continuing 
area  of  research,  have  led  us  to  begin  further  investigation. 

As  mentioned  earlier,  CNTs  grown  on  an  appropriate  substrate  is  the  first  step  towards 
providing  a  scientific  basis  for  using  CNT  arrays  as  thermal  interface  materials  (TIMs).  To  be 
able  to  advance  from  basic  research  to  applied  research,  more  needs  to  be  understood  with  the 
connection  of  a  CNT  forest  to  a  mating  substrate,  as  illustrated  in  Figure  4.1.  Several  test 
methods  have  been  used  to  measure  the  thermal  contact  resistance  between  VA-CNT  arrays  and 
the  surface  of  a  free  mating  substrate  from  a  different  interface  connection  method,  such  as 
compression  force  or  solder  anchoring,  with  varying  results  [6,7,9,15,16].  Throughout  the 
referenced  works’  conclusions,  two  main  issues  of  interface  are  common:  1)  the  thermal  contact 
resistance  at  the  CNT/mating  substrate  interface  was  large,  and  2)  the  interfacial  adhesion  was 
extremely  weak  [17].  One  reason  for  the  large  contact  resistance  is  that  there  is  a  low  fraction  of 
CNT  to  substrate  contact.  More  importantly,  weak  interfacial  adhesion  is  because  there  is  no 
chemical  bonding  or  special  association  between  the  CNTs  and  the  substrate  surface.  Thus, 
finding  methods  to  modify  the  CNT/mating  substrate  interface  to  effectively  reduce  the  thermal 
contact  resistance  and  simultaneously  improve  the  interfacial  adhesion  is  a  challenge.  To  solve 
these  problems,  we  have  just  recently  begun  to  focus  on  surface  modification  or  functionalization 
by  different  methods,  followed  by  an  optimum  CNTs  surface  metallization  processing.  This 
procedure  not  only  increases  the  fraction  of  CNT  to  substrate  contact,  but  it  also  can  introduce 
proper  active  groups  on  CNT  surface  as  a  bridge  to  enhance  adhesion  of  CNTs  to  the  metal 
surface,  such  as  that  of  a  solder  layer.  As  a  result,  this  should  provide  a  significant  reliability 
improvement. 

In  our  study,  the  interfacial  adhesion  between  the  CNT  layer  and  substrate  are  measured 
using  a  custom-built  pull-off  tester.  Thermal  contact  resistance  data  is  collected  using  an  ASTM 
D5470  TIM  Testing  System  to  measure  pairs  of  Cu  foil  substrates  with  different  interface 
materials,  such  as  solder,  thermal  grease,  and  a  CNT  layer  grown  directly  on  one  of  the  Cu  foils. 
The  electrical  resistance  of  CNT  grown  on  Cu  as  well  as  surface  metalized  CNT/Cu  was  also 
tested  by  a  modified  electrical  testing  system. 
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Alumina  substrate 

Metallized  CNT  mat 

Copper  baseplate 


Figure  4.1.  Scheme  of  assembling  VA-CNT/Cu  as  a  TIM 


4.3.2  Experimental 

4. 3. 2.1  Cu  Substrate  Preparation 


As  Figure  4.2  shows,  the  99.99%  pure  copper  foil  (Cu)  (300~400  pm  thick,  purchased 
from  Vortex  metals,  Inc.)  was  cut  into  8  x8  mm  and  12.2x12.2  mm  samples.  The  Cu  samples 
were  then  cleaned  via  ultra-sonicatication  in  acetone  followed  by  isopropanol  for  about  30  min 
per  bath.  The  dried  Cu  substrates  were  then  loaded  into  either  a  RF  sputtering  or  an  ALD  system 
for  thin  fdm  deposition.  The  sputter  coating  system  (DV-502A)  was  employed  to  deposit  a  thin 
catalyst  (Fe  or  Ni)  layer  (varying  thickness)  when  applicable  onto  either  bare  Cu  or  AI2O3  coated 
Cu.  The  AI2O3  buffer  layer  (varying  thicknesses)  was  applied  to  the  Cu  substrates  at  200  °C  with 
an  ALD  (Atomic  Layer  Deposition)  system  (Savannah  S-100)  or  the  sputter  coating  system  (DV- 
502A). 


|Baking^@100'" 


Sputtei  coated 


so 

n 


Figure  4.2.  Schematic  of  substrate  preparation  procedure 

4. 3. 2. 2  Growth  of  CNTs  on  Cu  substrate:  Pre-coated  catalyst  thermal  chemical  vapor  deposition 
(THCVD) 

For  THCVD  growth  of  the  CNTs,  The  general  experimental  processing  scheme  is  shown 
in  Figure  4.3.  A  tube  furnace  was  set  up  as  a  horizontal  CVD  reactor  for  use  in  both  annealing 
(catalyst  thin  fdm)  treatment  and  CNT  growth.  First,  the  Cu  substrates  (loaded  on  a  quartz  tray) 
are  put  in  the  middle  of  the  tube,  and  then  the  tube  is  pumped  down  to  7  mTorr,  where  it 
remained  for  30  minutes.  The  furnace  is  then  ramped  to  the  desired  annealing  temperature  in  300 
seem  Ar+H2  (5%)  at  90  Torr.  After  this,  the  samples  were  annealed  in-situ  at  the  desired 
temperature  (700  °C,  750  °C  or  800  °C).  When  the  desired  annealing  time  was  reached,  the 
sample  was  quenched  by  immediately  opening  the  fiimace  lid.  Upon  cooling,  the  CVD  system 
was  reheated  to  the  desired  growth  temperature  and  a  Ar+C2H2  (10%)  precursor  mixture  was 
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introduced  at  300  seem  along  with  300  seem  Ar+H2(5%);  the  pressure  was  kept  at  90  Torr  for  30 
minutes.  The  preeursor  mixture  was  then  turned  off,  and  300  seem  Ar+H2(5%)  was  used  to  purge 
the  tube  of  any  residual  earbon  contaminants  while  holding  at  temperature  for  5-10  minutes.  The 
samples  were  then  eooled  to  room  temperature  under  the  same  purge  gas  flow  conditions. 


Figure  4.3.  Scheme  of  processing  for  CNTs  grown  on  Cu  substrate  by  THCVD  (Not  to  scale) 


43.2.3  Growth  of  CNTs  on  Cu  substrate:  Floating  catalyst  thermal  chemical  vapor  deposition 
(FCCVD) 

A  new  FCCVD  system  has  been  implemented  in  our  researeh  Lab  as  shown  in  Figure 
4.4.  This  liquid-vapor-solid  phase  precursor  floating  catalyst  process  allows  for  CNT  growth  on 
a  variety  of  reactive  substrates  sueh  as  metal  and  earbon.  It  also  provides  a  method  to  achieve 
highly  conformal  growth  on  non-planar  or  complex  structure  substrates  such  as  foams. 


Figure  4.4.  Floating  catalyst  thermal  CVD  (FCCVD)  system 

For  FCCVD  growth  of  the  CNTs,  the  general  experimental  proeessing  (seheme)  is  shown 
in  Figure  4.5.  A  tubular  furnace  was  also  set  up  as  a  horizontal  CVD  reaetor,  and  Cu  substrates 
were  plaeed  in  the  middle  of  the  quartz  tube  on  the  quartz  tray.  Ar  and  H2  were  used  as  the 
carrier  gas  with  an  Ar  flow  rate  of  100  seem  (standard  cubic  centimeters  per  minute)  and  a  H2 
flow  rate  of  50  seem.  A  mixture  of  ferrocene/m-xylene  (0.012  g/ml  eoncentration)  was  used  as 
the  iron  eatalyst  and  earbon  source,  and  was  continuously  fed  into  the  fumaee  via  a  digital 
syringe  pump  at  a  desired  feed  rate  during  the  reaction  (at  750  °C).  After  the  reaetion,  the 
samples  were  cooled  to  room  temperature  in  flowing  Ar  and  then  removed  from  the  quartz  tube 
for  eharaeterization. 
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Figure  4.5.  Scheme  of  processing  for  CNTs  grown  on  Cu  snbstrate  by  FCCVD  (Not  to  scale) 
4. 3. 2. 4  Characterization  of  CNTs  on  Cu  substrate 


The  properties  and  performance  of  integrated  nanotube  structures  (nanocomposites) 
depend  on  CNT  structure,  morphology  and  interface  connection.  Therefore,  systematic 
characterization  of  the  nanostructures  is  important  for  improving  the  growth  methods  and 
techniques  necessary  to  achieve  research  goals.  The  structure  and  morphology  of  CNTs  grown 
on  the  Cu  substrates  at  different  method/conditions  was  studied  using  scanning  electron 
microscopy  (Jeol  JSM-6060).  Raman  spectroscopy  was  performed  using  a  Renishaw  inVia 
Reflex  Spectrometer  System  to  determine  the  quality  of  the  CNTs  grown  on  Cu  substrates 
(CNTs/Cu)  by  D/G  peak  ratio.  The  interfacial  thermal  impedance  is  determined  by  ASTM 
D5470  Thermal  Interface  Material  (TIM)  Testing  System.  A  peel  off  tester  was  used  to  quantify 
CNT/substrate  interfacial  adhesion. 

4.3.3  Results  and  Discussion 


4.3.3. 1  THCVD-grown  CNTs 

It  has  been  reported  that  Cu  alone  can  act  as  effective  catalyst  for  CNT  growth  under 
certain  conditions  [18,19],  However,  compared  to  Fe,  or  Ni,  etc.  the  catalytic  activity  of  Cu  is 
much  lower,  and  the  grown  CNTs  catalyzed  by  Cu  are  “spaghetti-like”  [20].  Therefore,  to  grow 
dense  aligned  CNTs  on  Cu  substrates,  a  more  active  catalyst  (such  as  Fe,  Ni)  needs  to  be 
introduced  on  the  Cu  surface.  In  order  to  eliminate  processing  steps  and  hopefully  minimize 
contact  resistance  between  CNT  and  Cu  substrate,  in  our  early  experiments,  Fe  and  Ni  thin  film 
catalyst  was  directly  sputter  deposited  onto  the  Cu  substrates.  The  studies  were  focused  to 
investigate  the  effect  of  annealing/growth  temperature  and  thickness  of  catalyst  (Fe  or  Ni)  layer 
on  CNT  quality.  SEM  is  used  to  determine  the  CNT/Cu  sample  structure  and 
orientation/morphology.  The  results  of  CNTs  growth  under  different  annealing/growth 
temperature  and  varying  catalyst  layer  thicknesses  are  shown  in  Figures  4.6  and  4.7. 
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Figure  4.6.  CNTs  grown  on  Fe/Cu  substrate  with  varying  thickness  of  Fe  layer  and  temperature.  A=700°C; 

B=750°C;  C=800°C 


Figure  4.7.  CNTs  grown  on  Ni/Cu  substrate  with  varying  thickness  of  Ni  layer  and  temperature.  A=700°C; 

B=750°C;  C=800°C 


The  SEM  images  indicate  that  through  an  optimized  THCVD  process,  CNTs  could  be 
grown  on  Fe  or  Ni  coated  Cu  substrates.  As  expected,  the  quality  and  morphology  (such  as 
diameter,  density,  coverage,  etc.)  of  CNTs  was  affected  by  annealing/growth  temperature  and  the 
thickness  of  catalyst  as  well  as  material.  When  annealing  temperature  or  catalyst  layer  thickness 
was  increased,  the  CNTs  areal  density  increased  on  both  Fe  and  Ni  coated  Cu  substrate,  and  the 
CNTs  were  more  likely  to  grow  individually  rather  than  as  bundles  on  Fe  coated  Cu.  Although  a 
uniform,  non-aligned  CNT  layer  was  achieved  at  750  °C  with  15  nm  Fe  and  30nm  Ni  coated  Cu 
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substrate  respectively,  the  most  of  CNTs  were  randomly  distributed  and  tangled  yielding  a  non- 
uniform  fdm  on  the  majority  of  the  Fe/Cu  and  Ni/Cu  substrates.  The  reason  for  this  outcome 
was  that  Cu  (substrate)  tends  to  form  a  solid  solution  with  the  common  CNT  catalysts  (such  as 
Fe,  Ni)  at  high  temperature.  Namely,  the  diffusion  between  catalyst  and  copper  substrate 
inhibited  catalyst  activity  and  the  resulting  CNT  growth.  To  overcome  this  problem,  an  effective 
method  would  be  to  deposit  a  thin  barrier  layer  to  restrains  the  diffusion  reaction  between 
catalyst  and  substrate  [21]. 

A  proper  combination  of  the  catalyst  and  the  buffer  layer  material  can  result  it  uniform 
and  dense  catalyst  islands  for  seeding  CNT  growth  [22].  In  our  study,  the  AI2O3  buffer  layer  was 
deposited  on  the  Cu  surface  by  ALD.  The  effect  of  both  AI2O3  and  Fe  layer  thickness  on  CNTs 
growth,  structure,  morphology,  and  overall  quality  was  investigated.  The  experimental  results 
indicated  that  a  uniform  CNT  layer  could  be  grown  on  a  bilayer  (a  thin  layer  of  Fe  on  a  support 
AI2O3  layer)  coated  Cu  substrate  by  using  THCVD,  and  the  morphology  of  the  CNTs  was 
affected  by  the  thicknesses  of  both  the  Fe  and  AI2O3  layers.  For  example,  at  a  set  AI2O3  layer 
thickness,  when  the  Fe  thickness  was  increased  from  2  nm  to  5  nm,  the  areal  density/uniformity 
and  the  alignment  of  CNTs  layer  increased  (Figure  4.8).  Similarly,  at  a  constant  Fe  layer 
thickness  (5  nm),  when  the  AI2O3  thickness  was  increased  from  5  nm,  to  10  nm,  to  15  nm,  and  to 
30  nm,  we  observed  several  trends  (Figure  4.9).  First,  there  was  an  overall,  howbeit  subtle, 
increase  with  the  height  of  CNT  forest;  however,  the  highest  CNT  forest  corresponded  to  the 
15nm  AI2O3  coated  sample  as  opposed  to  the  30  nm.  Secondly,  as  the  buffer  layer  thickness 
increased,  the  morphology  of  top  surface  seemed  to  change.  This  was  more  likely  due  to 
changes  in  CNT  length  and  areal  density.  Finally,  the  diameter  of  the  CNTs  tended  to  remain 
constant  regardless  of  the  thickness  of  the  buffer  layer. 


A  (top  view)  B  (side  view) 

Figure  4.8.  CNTs  growth  on  Fe/  AI2O3/CU  substrate 
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Figure  4.9.  CNTs  growth  on  Fe/Al203/Cu  substrate  with  varying  thickness  of  Ai203,  Left  to  right  =  5  nm,  10 

nm,  15  nm  30  nm 

As  it  is  known,  the  size  and  morphology  of  catalyst  plays  a  key  role  in  CNT  growth, 
morphology,  and  structure.  They  can  greatly  affect  where  CNT  nucleation  occurs  at  the  catalyst 
surface  and  lead  to  distinctly  different  growth  scenarios  [23],  For  the  THCVD  method,  under 
same  growth  conditions  (temperature,  time,  and  pressure,  etc.),  the  catalyst  size  and  morphology 
will  be  controlled  solely  by  catalyst  and  buffer  layer  thickness.  Hence,  this  was  the  reason  why 
the  CNT  growth  was  so  greatly  affected  by  Fe  and  AI2O3  layer  thickness  as  discussed  above. 

43.3.2  FCCVD-grown  CNTs 

Compared  with  traditional  CVD  methods,  the  advantage  of  FCCVD  is  that  it  allows  the 
catalyst  and  carbon  source  to  be  introduced  into  the  reactor  simultaneously  to  produce  well- 
aligned  CNTs  on  various  substrates  [16].  With  this  method,  keeping  all  other  CNT  growth 
parameters  constant  (temperature  =  750  ‘’C,  Xylene/Ferrocene  concentration  =  0.012  g/ml),  the 
effect  of  AI2O3  buffer  layer  thickness  and  growth  time  on  CNT  morphology/quality  was 
investigated.  The  thickness  of  the  AI2O3  film  was  either  0  nm  (pure  Cu  substrate  without  buffer 
layer),  5  nm,  10  nm,  15  nm  or  30  nm;  the  growth  time  was  either  20  min  or  40  min.  Based  on  the 
SEM  results  of  this  set  of  experiments  as  shown  in  Figure  x-y,  several  observations  were  made. 
First,  as  expected,  the  choice  of  buffer  layer  certainly  played  an  important  role  in  the  growth  of  a 
uniform,  dense  and  aligned  CNT  forest  on  the  Cu  substrate  (Figure  4.10).  Second,  at  a  growth 
time  of  20  min,  when  the  AI2O3  thickness  was  increased  from  5nm  to  lOnm,  the  CNT  layer 
length  is  increased  from  15pm  to  20pm.  Interestingly,  there  was  no  effect  on  CNTs  length  when 
buffer  layer  was  increased  to  15  and  30  nm  in  thickness.  Thirdly,  at  40  min  growth,  there  was  a 
significant  increase  in  CNT  layer  thickness  when  the  buffer  layerthickness  was  increases  from  5 
nm  to  10  nm  and  from  15  nm  to  30  nm.  For  some  yet  unexplained  reason,  however  there  was  no 
noticeable  effect  on  CNTs  length  when  buffer  layer  thickness  changed  from  lOnm  to  15nm 
(Figure  4.1 1).  Forth,  for  all  thickesses  except  the  5  nm  AI2O3,  an  increase  in  growth  time  resulted 
in  an  increase  in  CNT  length  (the  maximum  length  ranged  from  22pm  to  80pm).  Fifth,  the  areal 
density,  CNT  layer  surface  flatness  and  CNT  bundle  alignment  all  increased  with  increasing 
AI2O3  thickness,  regardless  of  growth  time  (Figure  4.1 1).  The  alignment  improvement 
wasperhaps  most  noticable  when  the  buffer  layer  thickness  was  increased  from  5nm  to  lOnm 
(Figure  4.12).  Finally,  the  diameter  of  the  CNTs  (Figure  4.13,  d=40nm~50nm)  was  independent 
of  buffer  layer  thickness  and  growth  time. 
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Figure  4.10.  CNTs  growth  on  pure  Cu  {left)  and  A1203/Cu  {right)  substrate  by  FCCVD 


Figure  4.11.  CNTs  growth  on  AI2O3/CU  substrate  with  varying  thickness  of  AI2O3  (Left  to  right  =  5  nm,  10 

nm,  15  nm,  30  nm) 


A  B 


Figure  4.12.  Alignment  of  CNTs  grown  on  Cu  substrate  with  varying  thickness  of  AI2O3  layer  Growth  Time: 

A  =  20  min;  B  =  40  min 


Figure  4.13.  Diameter  of  CNT  grown  on  Cu  substrate  with  varying  thickness  of  AI2O3  layer 

In  order  to  investigate  the  effects  of  the  buffer  layer,  including  thickness  and  coating 
methods,  we  have  grown  CNTs  on  metal  foil  substrates  such  as  copper  (Cu),  stainless  steel  (SS), 
nickel  (Ni)  and  aluminum  (Al),  which  were  coated  with  AI2O3  by  sputtering  and  atomic  layer 
deposition  (ALD).  For  comparison  with  AI2O3,  Si02  is  also  used  as  a  buffer  layer  on  the  Cu  foil. 
The  FCCVD  system  was  used  to  run  all  experiments.  The  procedure  and  conditions  of  CNT 
growth  on  different  metal  foils  as  well  as  foil  surface  treatment  method  are  described  in  Table 
4.1. 
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Scanning  electron  microscopy  was  employed  to  characterize  the  morphology/structure  of 
CNTs  on  the  metal  substrates.  Some  SEM  images  are  shown  in  Figure  4.14.  Results  indicate  that 
the  buffer  layer  plays  a  key  role  in  controlling  CNT  growth  and  morphology.  High  quality  CNTs 
can  be  successfully  grown  on  Cu,  SS  or  A1  and  Ni  substrates  when  the  metal  substrate  is  first 
coated  with  a  thin  layer  of  AI2O3  using  ALD  or  sputtering,  followed  by  growth  of  CNT  using  the 
FCCVD  method.  SEM  analyses  also  reveal  that  the  thickness  of  the  AI2O3  buffer  layer 
influences  the  density  and  alignment  of  CNT  arrays  grown  on  a  Cu  foil.  Initial  test  results 
indicate  that  when  using  CNTs  as  a  thermal  interface  material,  the  structure/morphology  and 
thickness  of  the  CNTs  play  an  important  role  in  the  thermal  performance.  Therefore,  the 
significant  impact  of  these  controllable  growth  capabilities  is  that  they  allow  us  determine  the 
optimum  CNT  layer  structure  for  eliminating  resistive  junctions  and  provides  improved  thermal 
and  electrical  transport  properties,  which  will  greatly  increase  the  reliability  and  performance  of 
thermal  management  of  electronic  power  devices  in  modem  aircrafts. 

Compared  to  AI2O3,  when  using  Si02  as  buffer  layer,  less  dense  and  shorter  CNTs  are 
produced  under  the  same  growth  conditions.  Further  research  is  needed  to  investigate  the  effect 
of  different  materials  as  buffer  layers  (such  as  TiN,  Ti  and  Si02)  with  CNT  growth  and  their 
performance. 


Table  4-1.  CNT  synthesis  conditions  and  results  using  FCCVD 


Substrate 

Buffer  layer/ 

thickness/coating 

Method 

Growth 

Temperature 

(°C) 

Growth 

Time  (min) 

Ratio 

(Fe/Xylene) 

(g/lOml) 

Feed  rate 

(Fe/Xylene) 

(ml/Hr) 

CNT  Growth 
Result 

Cu  foil 

AI2O3/5,  10,  15, 

30nm/  Sputter 

730-750 

20-40 

0.10-0.24 

1-3 

Uniform,  high 
dense 

Cu  foil 

AI2O3/5,  10,  15,  30, 
160nm/  ALD 

730-750 

20-40 

0.10-0.24 

1-3 

Uniform, 
high  dense 

Cu  foil 

SiO2/10nm/ALD 

730-750 

20-40 

0.10-0.24 

1-3 

Uniform,  Thin 
dark  layer 

SS  foil 

Al2O3/10nm/  Sputter 

730-750 

20-40 

0.10-0.24 

1-3 

Uniform,  high 
dense 

Ni  foil 

Al2O3/10nm/  Sputter 

730-750 

20-40 

0.10-0.24 

1-3 

Thin  uniform 
dark  layer 

A1  foil 

Al2O3/10nm/  Sputter 

620-650 

15-20 

0.10-0.24 

1-3 

Thin  uniform 
dark  layer 

*Gas  flowing  rate  ratio:  Ar:H2=  100:50  (2:1)  seem. 
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(a)  CNTs  grown  on  various  metal  substrates  (coated  with  10  nm  AI2O3) 


(b)  CNTs  grown  on  Cu  foil  with  sputter  coated  varying  buffer  layer  tbicknesses 


(c)  CNTs  grown  on  Cu  foil  coated  by  different  buffer  layers 
Figure  4.14.  SEM  images:  areal  density  and  alignment  (insets)  of  CNTs 


4.33.3  Quality  of  CNTs  Grown  on  Cu  Substrates 

The  quality  of  the  CNTs  in  our  study  was  determined  by  Raman  spectroscopy  using  the 
D/G  peak  ratio  with  green  (532  nm)  laser  radiation.  D  and  G  Peak  for  CNTs  were  observed  at  at 
1354cm‘'  and  1588cm'\  respectively.  Upon  compilation  of  the  results  (Figure  4.15),  it  was 
concluded  that  the  CNTs  grown  on  the  AI2O3  coated  Cu  substrates  via  both  THCVD  and 
FCCVD  resulted  in  acceptable  D/G  ratios  (range  0.65-0.74).  As  a  comparison,  CNTs  grown  by 
THCVD  resulted  in  a  consistent  D/G  ratio  of  0.74,  which  meant  that  the  thickness  of  AI2O3  layer 
did  not  affected  quality  of  the  CNTs.  Whereas  the  D/G  ratio  of  the  FCCVD  samples  showed  a 
slight  variation  with  increasing  AI2O3  thickness:  0.65,  0.69,  0.73  and  0.68  corresponding  to  5 
nm,  10  nm,  15  nm  and  30  nm,  respectively. 

From  additional  Raman  results  {not  shown),  we  also  found  that  (1)  when  using  a  different 
method  (ALD  or  Sputtering)  to  coat  AI2O3  on  Cu  foil  as  a  thin  buffer  layer,  the  D/G  ratio  is 
almost  identical,  which  means  the  quality  of  CNTs  is  not  affected  by  AI2O3  coating  method;  and 
(2)  when  the  buffer  layer  thickness  is  increased  from  15  to  160  nm  under  same  CNT  growth 
conditions,  the  CNT  quality  decreases  as  confirmed  by  an  increased  D/G  ratio  from  0.63  to  0.86. 
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Figure  4.15.  Raman  spectroscopy  of  the  CNT/Cu  THCVD  (left)  and  FCCVD  {right) 
4. 3. 3. 4  Thermal  Properties 


According  to  ASTM  D5470,  the  thermal  impedance  of  Cu  and  CNTs/Cu  samples  were 
measured  by  using  a  TIM  testing  system  as  Figure  4. 16  shows.  The  initial  results  are  shown  in 
Figure  4.17.  As  seen  in  the  figure,  when  CNTs  were  grown  on  Cu  substrate,  the  thermal 
impedance  was  lower  than  that  of  pure  Cu  foil.  The  reason  for  this  improvement  might  be  that 
CNT  layer  can  provide  a  substantial  increase  in  contact  area  at  the  cost  of  only  a  slight  thickness 
increase.  The  experiment  results  also  showed  that  when  areal  density  and  CNT  length  was 
increased,  the  impedance  value  was  reduced.  To  fully  understand  these  initial  testing  findings, 
more  indepth  studies  are  required  in  the  future. 


45 

Approved  for  public  release;  distribution  unlimited. 


Figure  4.17.  The  effect  of  CNT  layer  on  CNTs/Cu  impedance  Test  condition:  Pressnre=80psi  (withont  grease) 

The  initial  thermal  impedanee  results  of  pure  Cu  foil  and  CNT/Cu  samples  indicate  that 
when  short  CNTs  are  grown  on  a  Cu  substrate,  the  thermal  impedance  is  reduced  as  compared  to 
pure  Cu  foil.  In  order  to  find  out  the  different  thermal  interface  materials  effects  on  the  thermal 
impedance,  we  did  a  series  of  tests  with  various  interface  materials  including  CNTs,  grease,  and 
Au/Sn  solder  under  the  same  testing  conditions  (temperature  and  pressure)  and  then  compared 
the  results  to  a  pair  of  cleaned  Cu  foils.  The  testing  results  of  all  samples  with  different  interface 
materials  are  listed  in  Table  4.2. 

Figure  4.18  shows  the  influence  of  different  materials  when  used  as  thermal  interface 
materials  on  the  thermal  impedance.  From  the  initial  experimental  results,  we  can  see  that  (1) 
using  a  CNT  layer  as  an  interface  reduces  the  thermal  impedance;  and  (2)  solder  (Au:Sn  =  80:20) 
as  an  interface  shows  an  increased  impedance  value.  The  reason  for  this  is  likely  due  to  the 
thickness  of  solder  layer  and  Cu  foil  surface  oxidation  during  processing. 


Table  4-2.  Impedance  testing  results  (3  tests  on  each  sample) 


Sample  (Pair)  Number 

Thickness 
(jLim)/Area  (in^) 

Impedance-1 
(°C  in2/w) 

Impedance-2 
(°C  in2/w) 

Impedance-3 
(°C  in2/w) 

Impedance- 

Avg 

(°C  inVw) 

061013Cu/CNT/Cu-l 

296,291  /0.25 

0.0233 

0.0242 

0.0242 

0.0239 

061013Cu/CNT/Cu-2 

303,296/0.25 

0.1029 

0.1047 

0.1033 

0.1036 

061013Cu/CNT/Cu-3 

303,298/0.25 

0.0339 

0.0341 

0.0331 

0.0337 

061013Cu/Au-Sn/Cu-5 

290,306/0.25 

0.0782 

0.0768 

0.0774 

0.0775 

061013Cu/Au-Sn/Cu-6 

300,307/0.25 

0.0823 

0.0806 

0.0812 

0.0814 

061013Cu/Au-Sn/Cu-7 

302,314/0.25 

0.0788 

0.0777 

0.0770 

0.0778 

0610 1 3Cu/grease/Cu-8 

303,300/0.25 

0.0368 

0.0366 

0.0364 

0.0366 

061013  Cu/grease/Cu-9 

303,305/0.25 

0.0334 

0.0378 

0.0332 

0.0348 

061013Cu/grease/Cu-12 

299,306/0.25 

0.0544 

0.0537 

0.0539 

0.0540 

*Test  conditions;  Pressure  =  80  psi;  Power  =  20.8  W;  Temperature  =  room  temperature. 


46 

Approved  for  public  release;  distribution  unlimited. 


Figure  4.18.  The  effect  of  various  interface  materials  on  thermal  impedance  Test  condition:  Pressure=80psi 

4. 3. 3. 5  Interface  Adhesion 

The  interfacial  adhesion  between  the  CNT  layers  and  Cu  substrates  was  first  time 
measured  with  a  peel-off  tester  (in  Case  Western  Reserve  University )  with  a  preloading  force 
around  41bs  (~0.3MPa).  The  results  are  summarized  in  Table  4.3.  From  the  table,  we  can  see  that 
values  for  shear  force  was  higher  than  normal  force  for  all  samples.  The  reason  for  this  was  that 
the  contact  area  for  the  shear  force  test  was  larger  than  that  of  the  normal  force  test.  These  initial 
experimental  results  also  showed  that  the  highest  normal  force  and  the  highest  shear  force  values 
corresponded  to  the  with  5nm  and  30nm  AI2O3  coated  samples,  respectively.  An  SEM  image  of 
the  CNTs-Cu  interface  of  a  sample  after  peel-testing  supports  these  findings  (Figure  4. 19).  As 
seen  in  the  image,  there  was  good  adhesion  between  the  CNT  layer  and  Cu  substrate.  More 
research  is  needed  to  better  understand  the  effect  of  buffer  layer  on  interfacial  properties. 


Table  4-3.  Interface  Adhesive  of  CNTs/Cu 


Sample:  CNT/Cu 

Bufferr  layer  (nm) 

Force  (g) 

Size  (mm  ) 

Normal  Force 

5nm  AI2O3 

146 

4.0x3.5 

Shear  Force 

163 

4.0x4.7 

Normal  Force 

lOnm  AI2O3 

26 

4.6x4.7 

Shear  Force 

79 

4.1x5.0 

Normal  Force 

15nm  AI2O3 

29 

4.1x3.9 

Shear  Force 

332 

3.4x3 ’6 

Normal  Force 

30nm  AI2O3 

59 

4.1x3.7 

Shear  Force 

386 

4.2x4.6 
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Figure  4.19.  The  image  of  CNTs-Cu  interface  after  peel-off  test 

In  order  to  better  understand  the  effect  of  buffer  layer  on  interfacial  properties,  more 
research  is  needed.  Therefore,  a  custom-designed  interfacial  force  tester  is  set  up  in  our  lab 
(Figure  4.20).  Using  this  testing  machine,  several  groups  of  samples  were  measured.  The 
preliminary  experimental  results  shown  in  Table  4.4  and  Figure  4.21  indicate  that  (1)  the 
interfacial  adhesion  is  affected  by  the  AI2O3  thickness  when  varied  from  5  to  160  nm;  and  (2) 
when  the  AI2O3  buffer  layer  thickness  is  increased,  the  value  of  interfacial  adhesion  is  reduced. 
Further  investigation  and  characterization  of  interfacial  relationship  between  the  CNTs  and 
substrate  following  the  pull-off  tests  are  needed  to  confirm  and  explain  the  preliminary  results. 


Figure  4.20.  Scheme  of  interfacial  force  testing  by  a  pull-off  tester  (not  to  scale) 
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Table  4-4.  Interfacial  adhesion  of  CNTs  on  AI2O3  coated  Cu  substrate 


Sample 

Buffer  layer 

thickness/method 

Pre¬ 

load 

(kg) 

Pre-load 

time(m) 

Normal 
pulley 
force  (g) 

Connect 

area 

(cm^) 

Interfacial 

adhesive 

strength 

(Mpa) 

052913FCNT/Cu5n 

5nmAl203/ALD/RQ 

0.9700 

5 

784.0 

0.1570 

0.4994 

1.0809 

5 

307.5 

0.1236 

0.2488 

052913FCNT/Cul0n 

10nmAl2O3/ALD/RQ 

0.9965 

5 

593.0 

0.1943 

0.3052 

1.0558 

5 

389.0 

0.1229 

0.3165 

052913FCNT/Cul5n 

15nm  AI2O3/ALD/RQ 

1.0870 

5 

476.0 

0.1963 

0.2425 

1.1060 

5 

280.0 

0.1325 

0.2113 

052913FCNT/Cu30n 

30nm  AI2O3/ALD/RQ 

1.0375 

5 

439.0 

0.1861 

0.2359 

1.1080 

5 

403.0 

0.1904 

0.2117 

053113FCNT/Cu5n 

5nm  AI2O3/ALD/RQ 

1.0960 

5 

345.5 

0.0765 

0.4516 

1.1170 

5 

154.5 

0.0500 

0.3090 

053113FCNT/Cul5n 

15nm  AI2O3/ALD/RQ 

1.1910 

5 

338.0 

0.1589 

0.2127 

1.0970 

5 

312.0 

0.1684 

0.1853 

1.1455 

5 

428.0 

0.1230 

0.3480 

053113FCNT/Cu30n 

30nm  AI2O3/ALD/RQ 

1.0670 

5 

402.5 

0.2205 

0.1825 

1.1975 

5 

337.5 

0.2355 

0.1433 

1.1330 

5 

416.5 

0.2591 

0.1607 

053113FCNT/Cul60n 

160nm  AI2O3/ALD/RQ 

1.0525 

5 

124.5 

0.2355 

0.0529 

1.1450 

5 

70.0 

0.2159 

0.0324 

1.0875 

5 

85.0 

0.1809 

0.0470 

1.0865 

5 

114.5 

0.1590 

0.0720 

Figure  4.21.  The  effect  of  AI2O3  thickness  on  interfacial  adhesion 

4.33.6  Electrical  Resistance  Measurements  of  CNT/Cu 

Using  a  custom-designed  sample  holder  combined  with  an  electrical  testing  system,  the 
electrical  resistance  of  Cu/Cu  and  Cu-CNTs-Cu  (various  thickness  of  CNT  layer)  samples  have 
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been  measured.  Sample  set  up  and  testing  results  are  shown  in  Figure  4.22  and  Table  4.5, 
respectively. 


Ssmpisl  psint /Cu  foil 

Ag  pamt  /Cu  foil 
CNT  layer 

Ag  paint  /CNTs-Cu  foil 

{Sample  1:  Two  pure  Cu  foil  only) 

(Sample  2-6:One  pure  Cu  and  one  CNT/Cu 
with  various  CNT  length) 


Sample2-6 


Figure  4.22.  Schematic  of  sample  electrical  property  testing 


Table  4-5.  Electrical  Property  of  CNT/Cu  Measurement 


Sample 

Pressure 

(Lb) 

Reading 
value  (mV) 

Supplied 
Current  (mA) 

Contact  area  (in^) 

Resistance  (Q) 

Ag/Cu-Cu/Ag 

158 

0.0428 

10mA 

l/2”’xl/2” 

0.0043 

(No  CNT  layer) 

163 

0.0270 

0.0027 

159 

0.0198 

0.0020 

Ag/Cu-Cu/Ag 

252 

0.0117 

10mA 

l/2”’xl/2” 

0.0012 

(No  CNT  layer) 

254 

0.0120 

0.0012 

259 

0.0130 

0.0013 

Ag/Cu- 

250 

0.0877 

10mA 

l/2”’xl/2” 

0.0088 

CNTCu/Ag 

251 

0.0875 

0.0088 

Buffer 

251 

0.0860 

0.0086 

(5nmA1203)-s 

Ag/Cu- 

251 

0.0356 

10mA 

l/2’”xl/2” 

0.0036 

CNTCu/Ag 

251 

0.0374 

0.0037 

Buffer 

253 

0.0360 

0.0036 

(10nmA12O3)-s 

Ag/Cu- 

253 

0.0190 

10mA 

l/2’”xl/2” 

0.0019 

CNTCu/Ag 

253 

0.0198 

0.0020 

Buffer 

250 

0.0209 

0.0021 

(15nmA1203)-s 

Ag/Cu- 

252 

0.0191 

10mA 

l/2”’xl/2” 

0.0019 

CNTCu/Ag 

250 

0.0185 

0.0019 

Buffer 

251 

0.0168 

0.0017 

(30nmA12O3)-s 

250 

0.0165 

0.0017 

Ag/Cu- 

252 

0.0369 

10mA 

l/2”’xl/2” 

0.0037 

CNTCu/Ag 

252 

0.0459 

0.0046 

Buffer 

250 

0.0451 

0.0045 

(15nmA1203)- 

253 

0.0351 

0.0035 

A 

250 

0.0335 

0.0034 

*Ag=Silver  Paint;  s-Sputter  coating  AI2O3;  A-ALD  coating  AI2O3 


According  to  Ohm’s  law  for  circuit  theory,  the  resistance  of  a  material  is  the  applied 
voltage  divided  by  the  current  drawn  across  the  material  across  two  electrodes. 
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R  =  V/I(1) 

Where:  •  R=Resistance  (ohms,Q)  •  V=  Voltage  (volts, V)  •  I  =  Current  (amperes, A) 

This  electrical  resistance  is  proportional  to  the  sample’s  length  and  the  resistivity  and  inversely 
proportional  to  the  sample’s  cross  sectional  area. 

R  =  p  1/A  (2) 

Where:  •  p  =  Resistivity  •  A  =cross-  sectional  area  •  1  =  length 

Based  on  Equation  (1),  using  I  and  V  value,  we  calculated  R  for  each  sample  and  shows 
in  table  5.  From  results,  we  can  see  1).  When  pressure  is  increased,  the  resistance  is  reduced 
with  same  sample.  2).  Compared  to  pure  Cu-Cu,  Cu/CNT-Cu  appears  a  higher  resistance  value 
3).  When  CNT  layer  thickness  /density  is  increased  (determined  by  increased  AI2O3  thickness), 
the  resistance  of  Cu/CNT-Cu  goes  down.  By  equation  (2),  we  can  easily  understand  results  1) 
and  2)  due  to  A  and  1  changed.  For  result  3),  we  can  also  explain  it  by  equation  (2)  because 
compared  to  thin  and  low  dense  CNT  layer,  the  thicker  /denser  CNT  layer  with  nano-size  CNT 
diameter  will  make  more  contact  area  (A),  and  this  contribution  is  much  stronger  than  that  of 
CNT  length  changed  (1).  The  result  also  indicated  that  when  using  different  method  to  coating 
same  thickness  AI2O3  on  Cu  substrate,  and  then  to  make  CNT/Cu,  the  sample  resistance  is 
different.  To  verify  this  result,  more  testing  is  required. 

4.3.4  Summary 

As  summarized  in  Table  4.6,  a  CNT  layer  could  be  grown  on  Cu  and  some  metal  foil  by 
using  both  THCVD  and  FCCVD.  If  Fe  was  used  as  a  catalyst,  without  a  buffer  layer  on  the  Cu  or 
metal  foil  surface,  only  sparse,  poorly-aligned  CNT  forests  are  grown.  When  AI2O3  was  used  as  a 
buffer  layer,  uniform/dense  /aligned  CNT  forests  could  be  grown  on  the  Cu  and  some  metal 
substrates  via  both  THCVD  and  FCCVD.  If  the  thickness  of  AI2O3  layer  was  increased  (from  5 
nm  to  30  nm),  the  length  and  alignment  of  CNTs  is  increased  as  well.  Additionally,  the  areal 
density  and  uniformity  of  the  CNT  forest  was  also  improved.  There  was  almost  no  effect  on 
CNT  diameter  when  the  buffer  layer  thickness  and  CNT  growth  time  were  varied  for  both 
THCVD  and  FCCVD.  Experiment  results  indicated  that  CNT  length  could  be  controlled  by 
varying  growth  time  in  the  FCCVD  method.  The  Raman  analysis  suggested  that  the  CNTs  grown 
on  the  AI2O3  coated  Cu  substrates  via  both  THCVD  and  FCCVD  resulted  in  acceptable  D/G 
ratios  (range  0.65-0.74).  The  SEM  image  of  a  sample  post  peel-off  testing  showed  good 
interfacial  integrity  between  CNT  layer  and  substrate.  Initial  thermal  impedance  testing  results 
suggest  that  the  CNT  layer  can  improve  interface  connection  and  reduce  contact  resistance. 
Hence,  the  CNTs  could  be  used  a  promising  a  thermal  interface  material. 
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Table  4-6.  Effect  of  Growth  method  and  buffer  layer  on  CNT  growth 


1  CNT  Growth 

Method 

THCVD 

FCCVD 

AhOi 

Buffer  (ayar 

Onm 

5  -  30nm 

Onm 

5  -  30nm 

'  CNTs 

Ar&Ai  Density 
/  Llnlf'Orinjty 

LdWi/No 

HighiYfls 

Low/Nd 

High/Yes 

AIEgrm&nl 

CNTs 

No 

Yes 

No 

Yes 

4.4  Growth  of  CNTs  on  Carbon  Foam 
4.4.1  Introduction 

Carbon  foam  is  thermally  conductive  as  well  as  mechanically  stable  over  wide 
temperature  ranges,  even  at  high  temperatures.  It  has  a  high  surface  area,  and  when  tailored  with 
CNTs  on  its  surfaces,  the  amounts  of  functional  surfaces  are  further  increased  without 
significantly  increasing  in  size  or  weight.  Groups  such  as  Nakagawa,  Chakrapani,  and  Li,  have 
all  published  typical  uses  and  applications  for  carbon  foams  and  methods  of  fabrication  [24-26]. 
Various  approaches  have  been  reported  for  assembling  CNTs  onto  macroscopic  solids  and  have 
resulted  in  various  CNT-based  structures  that  includes  but  is  not  limited  to  fibers,  mats,  forests, 
and  foams.  Several  groups  reported  ways  of  getting  CNTs  onto  the  macroscopic  solids  by 
deriving  aqueous  solution  coatings  of  loose  CNTs  onto  the  surface  of  the  substrate  [25-29].  By 
doing  so,  the  CNTs  may  lose  some  electrical  or  thermal  properties.  Another  approach  is  selecting 
appropriate  binding  agent  such  as  glue  to  adhesively  attach  loose  CNTs  onto  the  foam  surfaces. 
This  often  results  in  randomly  oriented  CNTs  and  added  weight  from  the  binding  agent. 
Compared  to  the  above  methods,  growing  CNTs  directly  onto  the  carbon  foam  surfaces  has 
many  benefits.  Growing  CNTs  directly  provided  some  challenges  due  to  carbon  foam  surface 
wettability  and  reactivity  during  high  temperature  annealing  and  resulting  in  carbides  that  inhibit 
CNT  growth.  To  solve  this  wettability  issue,  Mukhopadhyay’s  group  reported  using  SiOi  as  the 
buffer  layer  [30].  This  method  resulted  in  dense  CNT  growth;  however  the  growth  is  not  aligned. 
Aligned  CNTs  are  more  beneficial  to  our  thermal  application,  due  to  the  low  thermal  resistance 
[3 1].  With  this  geometry,  each  CNT  can  be  thought  to  act  as  an  individual  radiating  fm  of  a  heat 
sink. 

In  order  to  grow  uniform  and  aligned  CNTs  on  the  carbon  foam  surface  to  enhance  the 
appealing  properties  of  the  foam,  several  different  method  has  been  used  to  investigate  the  effect 
of  carbon  foam  surface  treatment/modify  on  CNT  growth  and  their  structure/  morphology. 
Experimental  results  indicated  that,  used  a  dielectric  material  AI2O3  as  a  buffer  layer  deposited 
via  ALD  onto  the  carbon  foam  surface,  CNT  growth  resulted  in  a  densely  aligned  forest  that  is 
fitted  nicely  on  every  contour  surface  of  the  carbon  foam.  This  new  capability  can  be  applied  to 
the  heat  sink  component  of  power  device  as  depicted  in  Figure  4.23.  The  near  term  challenge  has 
been  to  find  a  way  to  attach  this  new  cooling  component  to  the  material  that  we  currently  use  on 
the  electrical  component  side  of  the  power  module.  A  possible  solution  we  are  exploring  is  to  use 
the  electro-less  plating,  sputter  or  ALD  technique  to  coat  Ni  or  proper  metal  layer  on  pre-surface 
treated  CNTs-foam  composite  and  solder  the  resulting  components  together. 
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Figure  4.23.  Example  of  a  power  device  packaging  layer 


4.4.2  Experimental 

4. 4. 2.1  Carbon  foam  (CF)  substrate  preparation  and  CNT  growth  method 

Forty-five  (45)  pore  per  inch  (PPI)  reticulated  vitreous  carbon  foam  was  purchased  from 
Ultramet,  Inc.  The  foam  was  then  cut  down  to  the  experimental  size  of  10  mm  x  10  mm  x  5mm 
for  growth  analysis  and  10  mm  x  10  mm  x  3  mm  for  thermal  testing  analysis.  The  CF  samples 
were  then  cleaned  via  ultra-sonicatication  in  acetone  followed  by  isopropanol  for  about  30  min 
per  bath.  The  dried  CF  substrates  were  then  ready  for  surface  treatment  and  followed  by  CNT 
growth.  CNTs  were  grown  using  the  floating  catalyst  thermal  chemical  vapor  deposition 
(FCCVD)  method.  The  FCCVD  system  is  equipped  with  both  pure  hydrogen  and  argon  gas 
sources.  During  growth,  the  hydrogen  to  argon  flow  ratio  was  set  to  1 :2  standard  cubic 
centimeters  per  second  (seem).  Ferrocene  was  dissolved  into  xylene  solvent  in  0.012g/lml 
concentration.  The  xylene/ferrocene  liquid  mixture  serves  as  carbon  feed  stock  as  well  as  an  iron 
catalytic  particle  source  carrier.  During  growth,  xylene/ferrocene  was  introduced  at  a  flow  rate 
of  3  ml/hr  via  a  digital  syringe  pump.  The  CNT  growth  time  was  set  for  20  minutes  at  750  °C. 

4. 4. 2. 2  Method  of  Carbon  Foam  Surface  Treatment 

In  this  study,  so  far,  the  carbon  foam  surface  was  modified  using  five  different  methods 
in  an  attempt  to  overcome  the  interfacial  challenges  by  means  of  introducing  surface  defects  as 
well  as  depositing  buffer  layers.  It  is  worthwhile  to  note  that  since  the  substrate  is  three- 
dimensional  carbon  foam,  well-developed  thin  film  deposition  methods  such  as  sputtering  or  e- 
beam  evaporation  will  not  suffice  here.  In  theory,  all  of  the  modification  methods  performed  in 
this  study  should  have  the  ability  to  perform  treatments  at  all  depths  and  surfaces  of  the  carbon 
foam.  It  is  our  goal  to  identify  which  of  the  surface  modifications  presented  can  provide  a  good 
foundation  for  dense  growth  of  CNTs.  Descriptions  of  each  type  of  the  treatments  attempted  are 
listed  below: 
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1 .  As  received:  After  cutting  and  cleaning  into  the  sample  size  described  above,  the  as- 
received  carbon  foam  was  first  put  through  the  CNT  growth  parameter.  The  growth 
results  are  used  as  a  baseline  to  be  compared  with  other  growths 

2.  Thermal  Oxidation  Treated:  According  to  Ultramet,  the  reticulated  carbon  foam  is 
stable  up  to  350  °C  in  air  and  3500  °C  in  an  inert  environment.  Thus  the  carbon  foam 
will  start  to  decompose  in  oxygen  environment  above  350  °C.  One  way  to 
functionalize  the  surface  of  carbon  foam  with  oxygen  is  to  treat  it  in  an  elevated 
temperature  filled  with  oxygen  [32].  The  reticulated  carbon  foam  was  treated  at 
temperatures  of  350  -  500  °C  with  50  °C  increments  for  one  hour  each  in  a  pure 
oxygen  filled  environment.  The  oxygen  was  introduced  at  a  flow  rate  of  2  seem. 

3.  Nitric  acid  treated:  This  method  provided  by  Yuzun  Fan,  et  al  [33]  is  said  to  provide 
better  surface  adhesion  for  carbon  surfaces.  The  clean  carbon  foam  samples  was  first 
soaked  in  acetone  for  2  hours  and  rinsed  with  D1  water.  Following  this  step,  the 
samples  were  dried  at  120  °C  for  4  hours  before  being  soaked  for  either  4  hours  or  8 
hours  in  70%  nitric  acid  solution.  The  resulting  foam  was  then  placed  into  the  FCT- 
eVD  for  CTNs  growth. 

4.  HMDS  treated:  It  has  been  reported  that  CNTs  grows  well  on  silica  surfaces  [34]. 
MP-P20,  a  commercially  available  product  containing  HMDS,  is  commonly  used  in 
semiconductor  processing  to  coat  the  surfaces  of  a  substrate  with  a  layer  of  organic 
silica.  This  process  is  usually  done  using  a  spin  coater.  In  this  study,  the  foam  was 
simply  dropped  into  a  beaker  of  MP-P20  solution  and  allowed  to  soak  for  30  seconds. 
The  foam  was  then  taken  out  of  the  solution  and  baked  on  a  hot  plate  to  cure  the  silica 
layer.  The  sample  was  left  on  the  plate  for  5  minutes  at  1 12  °C. 

5.  Atomic  layer  deposition  (ALD)  of  alumina  buffer  layer:  ALD  use  the 
trimethylaluminium  as  the  alumina  precursor  source  to  deposit  2  nm,  5nm,  lOnm  and 
50  nm  of  alumina  on  to  the  carbon  foam  surface.  The  ALD  deposits  a  uniform  self- 
limiting  monolayer  of  alumina  on  the  surface  of  the  carbon  foam  with  each  pulsed 
cycle  [35].  The  thickness  of  monolayer  is  estimated  to  be  1  A  per  cycle.  This  cycle 
was  repeated  until  the  desired  thin  film  thickness  was  achieved. 

Once  the  treatments  were  completed  on  the  carbon  samples,  CNT  growth  was  achieved  using  the 
FCCVD  method. 

4.4.3  Results  and  Discussion 

4.4.3. 1  Characterization  of  CNTs  Growth  on  CF  Substrate 

SEM  is  used  to  determine  the  CNT/CF  sample  structure  and  orientation/morphology  after 
growth  of  CNTs  on  different  surface  treated  CF  substrates.  The  results  are  shown  in  Figures 
4.24-4.29  .  Figure  4.24  shows  the  surface  morphology  of  the  as-received  carbon  foam  from 
Ultramet,  Inc.  The  pore  size  is  estimated  to  be  300  pm  in  diameter.  From  the  image,  it  showed 
that  the  surface  of  the  carbon  foam  is  smooth  and  glassy-  like 
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Figure  4.24.  SEM  mage  of  as-received  carbon  foam  from  Ultramet,  Inc 


Prior  to  surface  treatments,  the  carbon  foams  were  first  cleaned  by  sonication  in  acetone 
and  isoproponal  solutions.  CNTs  were  grown  on  a  carbon  foam  sample  without  any  surface 
treatments  as  a  reference.  Figure  4.25  shows  sparse  CNT  growth  on  the  surface  of  the  untreated 
carbon  foam.  The  image  shows  low  amount  of  CNTs  was  grown  on  the  surface  of  untreated 
sample.  Areas  with  CNTs  seem  to  cluster  together.  This  pattern  was  seen  throughout  the 
sample.  According  to  Zhang,  it  is  challenging  to  grow  CNTs  directly  onto  carbon  surfaces  due 
to  carbon  and  metal  catalysis  reactions  [36].  The  low  CNT  growth  may  be  resulted  from  this 
type  of  reaction  described  by  Zhang  [36]. 


Figure  4.25.  SEM  image  of  CNTs  grown  on  as-received  carbon  foam  surface 

Following  the  nitric  acid  treatment  described  early.  Figure  4.26  shows  CNT  growth  on  4 
hours  and  8  hours  carbon  foam  treatment  with  nitric  acid,  respectively.  The  purpose  of  the  nitric 
acid  treatment  is  to  functionalize  the  surface  of  the  carbon  foam  for  better  CNT  growth. 

However  the  image  shows  that  there  was  no  noticeable  difference  in  the  amount  of  CNTs  that 
grew  on  either  the  4  hour  treatment  or  from  the  8  hour  treatment  batch  of  CF  samples.  The 
overall  growth  is  also  very  sparse,  and  similar  to  what  is  seen  in  the  untreated  sample.  Carbon 
based  materials  are  chemically  inert,  therefore  the  nitric  acid  treatment  may  not  be  adequate 
enough  to  provide  the  surface  functionalization  or  modification  needed  for  better  CNT  growth. 
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Figure  4.26.  SEM  image  of  nitric  acid  treated  CF  before  (top)  and  after  CNTs  growth  (bottom) 

Figure  4.27  shows  CNT  grown  on  the  oxygen  treated  carbon  foam  at  temperatures  of  350 
°C  400  °C,  450  °C  and  500  °C,  respectively.  All  treatment  temperatures  were  carried  out  for  an 
hour.  Results  show  that  there  could  be  a  correlation  between  the  amounts  of  CNTs  grown  versus 
the  temperature  at  which  the  carbon  foam  is  being  treated.  Figure  4.27  shows  the  samples  being 
treated  at  450  and  500  °C  have  higher  CNTs  growth  concentrations  than  the  samples  grown  at 
350  and  400  °C.  However,  this  is  just  an  initial  test  and  preliminary  results,  systematic  testing 
needs  to  be  performed  in  order  to  verify  these  results.  The  foam  samples  were  not  treated  above 
500  °C,  due  to  severe  deterioration  of  the  foam  sample  if  treated  above  this  temperature.  It  has 
been  reported  in  [36]  that  at  elevated  temperatures,  carbon  based  materials  will  create  defects 
that  weakens  the  mechanical  properties.  Although  the  images  shown  better  yield  of  CNT  growth 
on  samples  treated  at  a  higher  temperature,  the  sample  mechanical  properties  may  be  loss. 


Figure  4.27.  SEM  image  of  oxygen  treated  CF  before  (top)  and  after  CNTs  growth  (bottom) 

HMDS  is  used  to  provide  a  thin  layer  of  silica  on  the  surface  of  the  carbon  foam.  Figure 
4.28  show  that  CNT  grown  on  HMDS  treated  carbon  foam.  This  low  CNT  growth  result  can  be 
thought  that  amount  of  silica  coated  on  the  surface  of  carbon  foam  may  not  be  thick  enough  for 
iron  particles  to  nucleate  and  promote  CNT  growth. 
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Figure  4.28.  SEM  image  of  HDS  treated  CF  after  CNTs  growth 

Figure  4.29  highlights  the  CNT  growth  on  ALD  treated  carbon  foam.  The  samples  in 
Figure  4.29  were  coated  with  2  nm,  5nm,  lOnm  and  50nm  alumina,  respectively.  Compared  to 
other  surface  treatment,  with  just  2  nm  of  alumina,  there  is  an  increase  in  the  density  of  grown 
CNTs.  When  AI2O3  thickness  is  continued  to  increase  (to  5nm,  10  nm  and  30nm),  the  growth  of 
CNTs  was  so  dense  that  it  covered  the  entire  surfaces  of  the  carbon  foam  to  in  its  entirety.  Also, 
with  the  10  nm  and  50nm  sample,  we  can  see  that  highly  dense  and  aligned  CNTs  are  grown. 

This  was  not  seen  from  any  other  surface  treatments  discussed  above.  One  possible  reason  for 
this  dense  growth  was  seen  here  is  because  that  alumina  thin  film  may  be  provide  a  thick  enough 
barrier  layer  between  the  reactive  carbon  surface  and  the  metal  catalyst.  Thus  the  catalyst  was 
able  to  nucleate  on  the  surface  of  the  alumina  and  provide  dense  CNT  growth  as  seen  in  Figure 
4.29. 


Figure  4.29.  SEM  image  of  AI2O3  (various  thicknesses)  coated  CF  after  CNTs  growth 
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4.43.2  Thermal  Property  Testing  of  CNT/CF 

Initial  thermal  testing  was  eondueted  using  a  Netzsch  Laser  Flash  457  system  available  in 
AFRL’s  Materials  and  Manufaeturing  Direetorate  (Figure  4.30).  The  Laser  Flash  457  has  the 
ability  to  hold  three  samples  per  run.  Sample  size  is  limited  to  1  cm  x  1cm  x  0.2  cm.  Carbon 
foam  samples  with  and  without  CNTs  was  filled  with  epoxy  (EPON  862  and  curing  agent  W). 
Thermal  diffusivity  (a)  and  specific  heat  capacity  (Cp)  were  measured  k  =  a  *  p  *  Cp.  Figure 
4.31  shows  the  initial  thermal  testing  results  of  carbon  foam  with  CNTs  made  from  10  nm  ALD 
coated  alumina  sample.  The  result  shows  that  the  sample  with  CNTs  had  higher  thermal 
conductivity  value  than  the  samples  without.  However,  this  is  just  an  initial  testing  result.  To 
make  a  firm  conclusion,  further  tests  are  needed. 
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Figure  4.30.  Netzsch  LFA  instrument  schematic 


58 

Approved  for  public  release;  distribution  unlimited. 


Figure  4.31.  Thermal  conductivity  of  CNT/Carbon  foam  substrate 


4.4.33  Post-growth  Nickel  Coating 

Plating  CNTs/carbon  foam  samples  with  nickel  provides  a  way  for  composite  structure  to 
be  bound  to  pertinent  surfaces  in  a  package  configuration.  Two  methods,  including  electroless 
plating  and  electroplating  have  been  tried  to  plat  Ni  particles  onto  CNT  layer.  The  SEM  images 
of  Ni  plated  CNT/CF  results  are  shown  in  Figures  4.32  and  4.33.  Compare  two  methods,  the 
Electroless  plating  requires  multiple  chemical  steps  in  order  to  coat  the  surface  of  forest  grown 
CNTs  and  CNT  forest  seems  to  be  disturbed  by  the  multiple  step  process,  resulting  in  web-like 
structures.  Electroplating  is  a  simple  straight  forward  process  that  keeps  the  CNTs  forest 
structure  intact  and  has  uniform  nickel  coverage. 


Figure  4.32.  SEM  image  of  Nickel  Electroplating  CNT/CF 


Figure  4.33.  SEM  image  of  Nickel  Electroless  plating  CNT/CF 
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4.4.4  Summary 


Growing  CNTs  onto  carbon  surfaces  still  remains  as  a  big  challenge  due  to  reactive 
carbon  surfaces  to  the  metal  eatalysts.  In  order  to  grow  dense  CNTs,  the  carbon  surface  needs  to 
be  either  funetionalized  or  buffered  from  the  eatalyst.  It  can  be  seen  that  after  the  various  types 
of  surface  treatments  studies  performed  here,  the  one  that  provides  the  most  impact  to  CNTs 
growth  is  the  one  that  was  treated  with  ALD  alumina  buffer  layer.  As  it  is  seen  from  Figure 
4.29,  with  an  inerease  in  alumina  thickness,  highly  dense,  aligned  CNTs  are  aehievable.  These 
figures  show  that  alumina,  when  used  as  a  buffer  layer  on  the  earbon  foam  surface,  plays  an 
important  role  in  the  alignment  and  density  of  the  CNT  arrays.  The  result  from  the  primary 
thermal  testing  revealed  that  samples  with  CNTs  provided  a  higher  thermal  conductivity  value 
than  ones  without  CNTs.  Comparing  two  methods  of  niekel  plating  CNTs,  Eleetroplating  is  a 
simple  straight  forward  proeess.  It  eould  keep  the  CNTs  forest  structure  intact  and  also  have 
uniform  niekel  coverage  on  CNT  layer. 
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5.  Enhancement  of  Thermoelectric  Materials  to  Provide  Solutions  for  Power  and 
Thermal  Challenges 

5 . 1  Research  Obj  ectives 

The  goal  of  this  research  effort  is  to  optimize  and  identify  highly  efficient  TE  materials 
that  operate  in  both  the  high  and  low  temperature  regimes  through  two  (2)  innovative  research 
approaches.  Materials  are  evaluated  at  given  temperature  ranges  for  electrical  conductivity, 
thermal  conductivity,  and  Seebeck  coefficient  behavior  over  a  broad  temperature  range.  The 
electrical  conductivity  of  TE  material  candidates  can  be  improved  via  doping  of  the  material, 
while  the  thermal  conductivity  can  be  lowered  by  lattice  modification,  e.g.,  by  restricting 
electrons  to  move  only  in  two  dimensions  as  a  result  of  anisotropy  and  layering,  rattling  and 
distortion  induced  by  void- filling  effects,  and  other  structural  modifications. 

The  objectives  for  this  effort  are  to  synthesize  and  characterize  promising  material 
candidates  with  enhanced  TE  performance,  which  will  lead  to  efficient  modules  for  mid-to-high 
temperature  power  generation  applications.  To  achieve  this  goal,  two  major  approaches  are 
considered:  (1)  a  Microstructural  Self-assembly  Approach  to  fabricate  nano-dimensional 
materials  with  nano-inclusions,  and  (2)  a  High-throughput  Combinatorial  Approach  for  the 
identification  of  new  materials.  The  Self-assembly  Approach,  which  was  broadened  to  also 
include  doping  effects,  takes  advantage  of  the  materials’  inherent  ability  to  self-assemble  in 
addition  to  other  microstructurally  induced  growth  mechanisms.  The  second  thrust  employs  a 
high-throughput  Combinatorial  Approach  to  quickly  generate  binary  and  ternary  libraries  for 
rapid  screening  of  compositions  with  optimized  TE  behavior.  Both  approaches  explore  novel 
chemistries  and  processes  for  tailoring  TE  responses,  including  the  exploration  and  development 
of  novel  and  stable  doping  reagents  and  processes,  advanced  combinatorial  methods,  and  most 
importantly,  processes  originally  designed  outside  of  TEs  that  can  be  uniquely  applied  to  this 
field.  In  addition  to  chemical  characterization,  high-resolution  microscopy,  along  with  electronic 
and  thermal  property  measurements  are  explored  to  develop  comprehensive  processing- 
structure-composition-property  relationships.  Furthermore,  a  thin/thick  film  module  development 
concept  is  also  explored  with  a  proof-of-concept  demonstration. 

5.2  Introduction 

A  fundamental  understanding  of  the  thermoelectric  (TE)  concept  is  needed  for  improved 
TE  applications  -  a  necessary  strategy  as  the  demand  for  alternative  energy  sources  and 
technologies  increases.  In  part,  the  discovery  of  new  materials  and  the  innovation  of  novel 
synthesis  techniques,  along  with  the  exploitation  of  the  TE  concept  (i.e.,  generation  of  power 
through  the  utilization  of  underused  thermal  energy)  for  use  in  devices  have  motivated  many 
researchers  to  invest  in  the  optimization  of  the  properties  of  known  TE  materials  [1]. 

Thermoelectricity  can  be  explained  as  a  result  of  three  reversible  effects:  (1)  the  Seebeck 
effect,  or  the  generation  of  a  voltage  in  a  closed  circuit  due  to  temperature  variances  of  the 
junctions  between  two  different  metal  conductors/semiconductors;  (2)  the  Peltier  effect,  induced 
when  an  electric  current  causes  a  change  in  temperature  at  the  junction  of  two  different 
conducting  metals;  and  (3)  the  Thomson  effect,  which  explains  the  temperature  change  in  a  metal 
conductor  with  a  temperature  gradient  due  to  the  flow  of  electric  current.  We,  among  other 
researchers  in  this  field,  are  most  interested  in  increasing  the  dimensionless  figure-of-merit,  zT, 
which  is  a  measure  for  the  efficiency  of  a  TE  material.  zT  is  defined  as  (a^a/KjT,  where  a  is  the 
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Seebeck  coefficient,  a  is  the  electrical  conductivity,  k  is  the  thermal  conductivity,  and  T  is  the 
absolute  temperature.  Current  state-of-the-art  (SOA)  TE  materials  are  the  Bi2-xSbxTe3.ySey, 
Bi2Te3,  Bii.xSbx,  Sii.xGex  and  PbTe-based  alloys,  which  reach  zT  values  between  ~  0.8  -  1  at 
various  temperatures,  although  a  zT  value  of  one  is  not  the  highest  possible  value  for  a  material 
to  possess. 

The  TE  properties  of  materials  are  interrelated,  therefore,  altering  one  property  usually 
results  in  an  adverse  effect  in  the  others.  Desirable  materials  are  those  which  possess  a  large 
Seebeck  coefficient  or  thermopower  (for  a  maximum  conversion  of  heat  to  electrical  power  or 
electric  power  to  cooling),  excellent  electrical  conductivity  (to  minimize  Joule  heating),  and  poor 
thermal  conductivity  -  a  consequence  of  both  lattice  and  electronic  contributions.  The  numerator 
term,  a^a,  is  considered  the  power  factor  (PF)',  therefore,  maximizing  the  PF  while  minimizing 
the  thermal  conductivity  (referred  to  as  the  “zT  barrier”)  increases  the  zT  value.  These  strict 
requirements  for  a  good  TE  material  have  resulted  in  a  relatively  small  number  of  candidates  - 
divided  into  two  types,/?-  and  n-type  -  which  should  have  a  large  zT  value  (>  1)  at  operating 
temperature. 

One  benefit  for  utilizing  TE  devices  for  power  generation  and  electronic  refrigeration 
applications  is  no  moving  parts,  and  thus,  long  device  lifetimes.  For  power  generation 
technologies,  as  long  as  a  heat  differential  is  maintained,  devices  fabricated  from  TE  modules 
will  continue  to  operate.  Other  benefits  include  environmental  friendliness,  ability  to  function 
over  a  wide  temperature  range,  precise  temperature  control  (refrigeration)  and  silent, 
maintenance-free  operation.  TE  modules  that  are  currently  on  the  market  are  designed  from 
materials  combined  into  pairs  {p-  and  «-type)  to  make  unicouples,  which  are  connected 
electrically  in  series  and  thermally  in  parallel.  A  TE  module’s  figure-of-merit,  ZT,  is  related  to 
the  individual  materials’  figure-of-merit,  zT,  though  it  is  generally  lower  than  the  average  zT,  due 
to  the  individual  materials’  electrical  and  thermal  property  mismatches.  Thermal  expansion 
coefficient  differences  can  result  in  mechanical  instability  of  the  modules.  Therefore,  it  is 
important  to  ensure  the  compatibility  of  the  materials  used.  In  TE  power  generators,  along  with 
selecting  compatible  materials,  increasing  a  device’s  power  output  per  unit  weight  or  volume  is 
of  the  utmost  importance.  As  illustrated  in  Figure  5.1,  increasing  the  temperature  gradient  has  a 
profound  impact  on  the  power  output.  Matched  TE  materials  with  zT  values  greater  than  1  that 
can  operate  over  a  wide  temperature  range  will  result  in  the  most  useful  waste-heat  scavenging 
power  generators. 


Figure  5.1.  Power  output  dependence  on  both  ZT  and  temperature  differential  (AT) 
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5.2.1  Thermoelectric  Materials  Challenges 

Although  the  TE  concept  has  been  understood  and  applied  since  ~  1821,  the  strenuous 
requirements  placed  on  TE  materials  for  efficient  operation  are  not  easily  satisfied,  and  thus  have 
prevented  their  widespread  application.  For  practical  applications,  TE  materials  must  first 
possess  high  conversion  efficiency  (z7).  For  TE  power  generators,  not  only  must  the  materials 
possess  a  high  energy  inter-conversion  efficiency,  but  they  must  also  be  composed  of  nontoxic 
and  abundantly  available  elemental  materials  with  high  chemical  stability  in  air  at  high 
temperatures.  Although  the  energy  inter-conversion  efficiencies  of  the  SOA  heavy-metal-based 
materials  are  large  enough  for  practical  applications,  these  materials  are  not  attractive, 
particularly  for  operation  at  high  temperatures,  because  decomposition,  vaporization  and/or 
melting  of  the  constituents  can  easily  occur.  Furthermore,  the  use  of  these  heavy  metals,  which 
are  expensive,  mostly  toxic,  low  in  abundance  as  natural  resources,  and  therefore,  not 
environmentally  benign;  their  use  should  be  limited  to  specific  isolated  environments,  i.e.,  space. 
Another  materials  challenge  is  addressing  size,  weight  and  power  (SWaP),  which  is  driven  by  the 
needs  of  particular  applications.  With  regards  to  military  and  aerospace  applications,  SWaP 
constraints  are  encountered  in  secure  communications,  radar,  sensors,  batteries  and  electronic 
warfare  platforms.  Since  increases  in  performance  and  function  have  a  direct  impact  on  power 
output,  and  thus,  size,  weight,  power  supply  type  and  thermal  management  requirements,  it  is 
critical  to  consider  contributors  to  power  reduction  early  in  the  design  process. 

5.2.2  Nano-structure  Engineering  to  Achieve  High  TE  Performance 

Desirable  TE  materials  possess  a  low  thermal  conductivity  while  maximizing  electrical 
carrier  transport,  or  behave  as  a  so  called  “phonon-glass/electron-crystal”  [2].  TE  materials  have 
long  been  thought  to  be  too  inefficient  to  be  cost  effective  in  most  applications  [3].  However,  a 
resurgence  of  interest  in  TEs  began  in  the  mid-1990s  when  theoretical  predictions  suggested  that 
TE  efficiency  could  be  greatly  enhanced  through  nano-structural  engineering.  This  then  led  to 
experimental  efforts  that  demonstrated  proof-of-principle  with  high  efficiency  materials  [4,  5]. 
One  strategy  for  nano-structured  TE  materials  is  to  scatter  phonons  at  interfaces,  thus  leading  to 
the  use  of  multiphase  composites  mixed  at  the  nano-scale.  These  nano-structured  materials  can 
be  formed  as  thin-film  superlattices  (multilayers)  or  as  intimately  mixed  composite  structures. 
However,  the  challenge  for  any  nano-structured  systems  is  electron  scattering  at  interfaces  and 
grain  boundaries  (GBs)  between  randomly  oriented  grains,  leading  to  a  concurrent  reduction  of 
both  the  electrical  and  thermal  conductivities  [6].  The  ideal  nano-structured  materials  should 
have  thermodynamically  stable,  coherent,  epitaxial-like  interfaces  between  the  constituent  phases 
to  prevent  scattering  of  electrons  at  interfaces  and  GBs. 

5.2.3  Advantages  of  Complex  Oxide  Materials  for  TE  Applications  and  Current  Technology 

Barriers  for  Applications 

Oxide  materials,  such  as  recently  discovered  nontoxic  /'-type  CCO-349,  are  particularly 
promising  for  high  temperature  TE  applications  because  of  their  thermal  stability  and  desirable 
TE  performance.  Eayered  cobalt  oxides  such  as  CCO-349  can  be  regarded  as  hybrid  crystals  that 
are  composed  of  the  periodic  arrangement  of  nano-sheets  possessing  different  TE  functions  [7]. 
In  these  oxides,  the  C0O2  nano-sheets  possess  a  strongly  correlated  electron  system,  and  serve  as 
electronic  transport  layers,  while  the  Ca2Co03  misfit  layers  serve  as  phonon  scattering  regions  to 
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achieve  low  thermal  conductivity.  CCO-349  displays  enhanced  TE  behavior  with  a  zT  exceeding 
0.8  at  973  K  [8],  and  is  highly  stable  in  air  up  to  1300  K.  In  regards  to  a  suitable  counterpart  for 
unicouple  fabrication,  among  the  promising  «-type  oxide-based  TE  candidates,  Nb-doped  SrTiOs 
(Nb:STO)  exhibits  a  large  Seebeck  coefficient  as  a  result  of  its  large  density  of  states  and 
effective  mass.  Epitaxial  Nb:STO  fdms  have  shown  zT  values  up  to  0.4  at  1000  K  [9].  STO 
itself  has  desirable  electrical  conductivity  behavior,  which  is  easily  tuned  for  insulating  to 
metallic  behavior  by  doping  with  La^"^  or  Nb^^,  respectively.  Additionally,  STO-based  materials 
(e.g.  electron-doped  STO  crystals)  have  very  high  melting  points  (-2350  K)  and  thus  are  highly 
stable  at  extreme  temperatures.  CaMnOs  (CMO)  is  another  promising  n-type  perovskite  oxide 
TE  material  with  Seebeck  coefficient  values  reaching  —500  pV/K  at  high  temperatures. 
Applications  utilizing  TE  oxide  modules  extends  not  only  to  generators  for  the  recovery  of  high- 
temperature  waste-heat  emitted  as  exhaust  by  aircraft,  automobiles  and  similar  sources,  but  also 
to  portable  generators,  and  the  power  supplies  of  mobile  phone  chargers,  personal  computers, 
and  other  electronic  devices.  The  largest  hurdle  to  overcome  in  the  development  of  oxide-based 
TE  modules  is  to  improve  the  energy  inter-conversion  efficiency,  which  is  currently  considerably 
lower  than  that  of  conventional  TE  materials. 

5.3  Results  and  Discussion 

5.3.1  Approach  1:  Microstructural  Self-assembly  to  Fabricate  Nano-dimensional  Materials 

with  Nano-inclusions 

5. 3. 1.1  Introduction 

The  primary  aim  of  the  Self-assembly  Approach  is  to  enhance  the  TE  behavior  of  low¬ 
dimensional  materials  through  quantum  confinement  effects,  reduction  of  the  lattice  contribution 
to  the  overall  thermal  conductivity  via  lattice  mismatching,  and  other  structural  modifications. 
Manipulation  of  the  growth  of  existing  TE  materials  at  the  nano-level  is  made  possible  through  a 
controlled  microstructural  growth  mode.  On  the  nanometer  scale,  lattice-mismatched  material 
additions  to  a  bulk  matrix  material  can  also  induce  self-assembled  nano-particulate  additions  to 
form  nano-columns  (or  nano-wires  of  the  material  addition).  We  have  successfully  demonstrated 
this  capability  in-house.  In  Figure  5.2,  it  can  be  seen  that  by  adding  BaSnOs  (BSO)  material  to 
YBa2Cu307.x  (YBCO),  nano-wires  of  BSO  form  inside  the  YBCO  matrix  due  to  lattice 
mismatching  of  the  chemically  compatible  material  additions  [10,  11].  Also,  the  growth  of  these 
nano-wires  is  at  a  high  density,  and  the  nano-wires  extend  from  the  substrate  to  the  film  surface. 
This  process  can  also  be  applied  to  TE  materials  to  create  the  desired  nano-wire  structure. 

The  advantage  of  creating  nano-wires  for  TE  materials  is  that  in  nano-structured 
materials,  the  electron  density  of  states  at  the  Fermi  level  is  increased  and  the  small  dimensions 
of  the  nano-structures  will  result  in  boundary  scattering  of  the  phonons  to  reduce  thermal 
transport  [12].  Recent  efforts  to  achieve  these  nano-wires  often  involve  only  the  creation  of  the 
nano-wire  itself  that  lacks  a  definitive  matrix  to  isolate  the  nano-wire  for  improved  boundaries. 
Broido  and  Mingo  determined  theoretically  that  the  effectiveness  of  nano- wires  as  TEs  is 
dependent  on  the  cross-sectional  size  of  the  nano- wire-composite  matrix  relative  to  the  nano¬ 
wires  [13].  Documented  efforts  to  create  the  nano- wires  in  an  appropriate  matrix  material 
typically  use  multiple  processing  steps  to  achieve  the  final  result,  thus  making  for  a  complex  and 
therefore  costly  process  [14-16].  Even  then,  more  recent  attempts  at  this  have  not  been  fully  and 
successfully  culminated. 
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Figure  5.2.  BSO  nano-columns  (highlighted  by  arrows)  in  YBCO  matrix  grown  by  PLD 

Phonon  scattering  to  inhibit  thermal  transport  in  TE  materials  can  also  be  achieved  by 
nano-particulate  dispersions  [17],  The  nano-particulate  additions  can  also  increase  the  electron 
transport  in  the  composite  material.  In  this  case,  self-assembly  of  the  microstructural  additions 
need  not  be  complete.  However,  the  material’s  addition  is  not  the  primary  TE  material  itself,  but 
is  now  the  secondary  material  which  may  or  may  not  possess  TE  properties;  the  matrix  material 
becomes  the  primary  TE  material.  Many  groups  internationally  have  demonstrated  how  to 
achieve  nano-particulate  dispersions  by  a  variety  of  processes.  We  have  developed  a  cost- 
effective  method  in-house  for  controlling  the  microstructural  growth  of  nano-particles  in 
materials,  and  have  begun  to  apply  these  techniques  to  the  oxide-based  TE  material  CCO-349. 

For  CCO-349-based  materials,  the  potential  for  practical  use  in  applications  is  evident 
from  the  unique  combination  of  an  extraordinarily  high  thermopower  with  metallic-like  transport 
properties  at  high  temperatures  [7,  18],  In  addition,  CCO-349  is  largely  anisotropic.  It  is 
reported  that  in  textured  CCO-349,  the  in-plane  electrical  conductivity  is  1.54  x  lO"^  S/m  and  the 
out-of-plane  electrical  conductivity  is  2.83  x  10^  S/m  [19].  For  polycrystalline  samples,  the 
improved  alignment  of  crystal  grains  facilitates  the  enhanced  current  transport  along  the  ah-plane 
of  the  misfit-layered  structure.  As  such,  high-quality  textured  CCO-349  possesses  a  low 
electrical  resistivity  (high  electrical  conductivity)  and  a  large  Seebeck  coefficient  intrinsic  to  its 
electronic  band  structure. 

The  monoclinic  structure  of  CCO-349,  shown  in  Figure  5.3,  is  comprised  of  two  misfit 
layered  subsystems:  a  distorted  rocksalt-type  Ca2Co03  layer  sandwiched  between  two  CdH-type 
C0O2  layers  along  the  c-axis  [20].  The  lattice  parameters  are  a  =  4.8339  A,  c  =  10.8436  A,  and  P 
=  98.14°.  However,  along  the  h-direction,  the  incommensurate  nature  of  the  structure  results  in 
two  different  h-axis  lengths,  b\  =  2.8238  A  for  the  C0O2  subsystem,  and  62  =  4.5582  A  for  the 
Ca2Co03  subsystem.  The  ratio  between  b\lb2  is  /?  =  0.6195.  Moreover,  it  is  the  alternating 
stacking  of  these  substructures,  which  are  incommensurate  along  the  h-axis  that  leads  to  the 
“misfif  ’  classification. 
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Figure  5.3.  Schematic  illustration  of  the  crystal  structure  of  €0300409  (CCO-349).  Adapted  from  [18]. 


Due  to  the  layered  stacking  of  the  two  subsystems  within  the  CCO-349  lattice,  its 
structure  can  be  further  complicated  by  the  presence  of  other  structurally  related  non-CCO-349 
phases  called  spurious  phases.  Spurious  phases  with  similar  crystal  symmetry  and  structural 
motifs,  and  nearly  identical  c-axis  lattice  parameters  to  CCO-349,  can  be  formed  under  different 
synthesis  conditions  and  starting  stoichiometry  of  the  materials.  In  the  Ca-Co-0  phase  diagram, 
there  are  three  such  phases:  CaCo204(CCO-124),  Ca2Co205  (CCO-225)  and  Ca3Co206  (CCO- 
326). 

Among  the  four  similar  cobaltite  phases,  CCO-349  and  CCO-225  exhibit  the  best  TE 
behavior,  and  rival  the  behavior  of  some  of  the  conventional  TE  materials  such  as  the 
Bi2Te3/Sb2Te3  alloys.  Single  crystal  CCO-225  has  a  calculated  zT  =  1.2  -  2.7  above  600  K  in 
air,  making  CCO-225  a  suitable  candidate  for  high-temperature  TE  applications  [21],  CCO-326 
is  a  decomposed  phase  of  CCO-349  and  has  an  enhanced  Seebeck  coefficient  at  room 
temperature  (450  pV/K)  along  with  high  chemical  stability  up  to  1300  K  [22],  Due  to  its 
stability  at  high  temperatures,  it  has  potential  as  a  more  efficient  TE  candidate  than  CCO-349. 
However,  it  is  not  currently  being  considered  for  TE  applications,  as  its  zT  is  0.15  at  1073  K, 
resulting  from  the  large  electrical  resistivity  (typically  ~50  Q-cm).  CCO-124  is  yet  another 
phase  with  a  large  Seebeck  coefficient  of  145  pV/K  at  300  K  [23],  This  phase  appears  as  a  result 
of  internal  stresses,  stacking  faults,  and  localized  oxygen  deficiency,  but  when  present,  can  be 
converted  to  CCO-349  through  annealing  in  flowing  O2. 

5. 3. 1.2  Experimental 

Since  FYIO,  we  have  made  considerable  progress  towards  inducing  nano-inclusion 
formation  in  CCO-349  using  BaZr03  (BZO)  as  the  initial  second  phase  material.  Although  the 
crystal  structure  of  CCO-349  is  closely  related  to  that  of  another  misfit-layered  oxide, 
Bi2Sr2Co203, — originally  believed  to  be  an  isomorph  to  the  high-temperature  superconducting 
(HTS)  material  Bi2Sr2CaCu208 — the  nano-inclusion  formation  mechanism  identified  in  HTS 
YBCO  is  different  for  the  two  systems.  Despite  unsuccessful  attempts  to  grow  CCO-349-BZO 
nano-composites,  we  have  successfully  obtained  Zr-  and  Ba-doped  samples.  In  addition,  we 
have  identified  an  alternate  material  candidate  for  continued  nano-inclusion  experiments. 

A  2.54  cm  (1  in.)  dia.  CCO-349  target  was  prepared  via  solid-state  reactions  of 
stoichiometrically-combined  high-purity  powders  of  CaC03  and  C03O4.  The  heating/reaction 
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process  has  evolved  slightly  over  time,  but  most  commonly  the  powder  mixture  is  heated  in  air  at 
1 163  K  for  12  h.  The  resulting  mixture  is  then  cold-pressed  into  a  pellet  and  heated  in  air  to  1163 
K  for  60  h,  ground  after  cooling  to  room  temperature,  re-pressed,  and  reheated  to  1 163  K  for  an 
additional  138  h.  In  the  final  step,  the  pellet  is  ground  again,  re-pressed,  then  heated  to  1073  K 
in  flowing  O2  for  2  h.  This  extensive  proeess  is  done  to  promote  a  eomplete  reaetion  of  the 
starting  materials  and  formation  of  a  single  phase  (CCO-349).  The  target’s  relative  density  was  > 
70  %.  Our  thin  film  samples  were  grown  in-situ  by  pulsed  laser  deposition  (PLD)  of  the 
prepared  CCO-349  targets  [24],  Single  crystal  Si  (100),  LaAlOs  (LAO)  (100),  AI2O3  (100),  and 
Si/Si02  (amorphous)  substrates  are  eut  to  various  dimensions,  most  eommonly  4  mm  x  4  mm 
and  4  mm  x  8  mm.  The  cut  substrates  are  ultrasonically  eleansed  only  in  aeetone  and  isopropanol 
prior  to  depositions.  Generally  speaking,  thin  films  300  -  350  nm  thick  were  deposited  using  a 
KrF  exeimer  laser  (k  =  248  nm)  at  4  Hz  (energy  density  -1.7  J/cm^)  under  an  O2  partial  pressure 
of  300  mTorr,  and  a  substrate  temperature  of  973  K.  Variations  of  this  deposition  proeedure  have 
also  been  done  to  identify  the  effect  of  laser  repetition  rate  (2-4  Hz),  substrate  temperature  (923 
K  -  1023  K),  and  film  thiekness  (50  -  350  nm),  on  the  resulting  film  structure  and  TE  properties. 
Following  deposition,  the  samples  are  generally  eooled  in  the  PLD  chamber  to  773  K  under  1 
atm  O2,  annealed  for  1  h,  then  slowly  cooled  to  room  temperature.  An  ex-situ  anneal  is  done  at 
1073  K  for  2  h  in  flowing  O2  using  a  tube  furnace.  Initial  studies  on  the  effect  of  the  annealing 
proeesses  have  also  been  conducted,  though  not  diseussed  in  detail  in  this  report.  Film  thiekness 
determinations  were  completed  using  profilometry  and  confirmed  during  the  scanning  electron 
microscopy  (SEM)  experiments.  (For  the  numerous  experiments  conducted  under  this  effort,  the 
above  procedures  are  generally  similar  with  slight  variations  made  where  necessary.) 

5. 3. 1.3  Results  and  Discussion 

After  post-annealing  samples,  preliminary  structural  studies  were  done  by  XRD  using  a 
Rigaku  DMAX  2500  x-ray  diffraetometer  with  Cu  Ka  radiation  (k  =  0.15406  nm)  over  the  range 
5°  <  20  <  80°.  Representative  XRD  patterns  for  a  bulk  CCO-349  target  and  a  pure  CCO-349  thin 
film  are  shown  in  Figures  5.4  (a)  and  (b),  respeetively.  Very  minor  impurities  (highlighted  by  T 
symbol)  are  present  in  the  polycrystalline  target  sample,  and  usually  eorrespond  to  un-reaeted 
starting  materials.  In  the  thin  film  sample,  only  peaks  eorresponding  to  the  (00/)  plane  family  of 
the  CCO-349  monoelinie  phase  are  observed,  suggesting  that  the  film  has  a  well-defined  texture, 
i.e.,  a  preferential  growth  orientation  along  the  c-axis.  No  additional  phases  eould  be  detected. 
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Figure  5.4.  XRD  patterns  for  a  (a)  CCO-349  target  and  (b)  200  nm  CCO-349  thin  film  on  Si  (100) 

Electrical  resistivity  measurements  of  thin  film  samples  were  initially  carried  out  by  the 
van  der  Pauw  (vdP)  technique  [25]  using  the  Physical  Property  Measurement  System  (PPMS) 
from  10  -  390  K.  The  advantage  of  the  vdP  configuration  versus  the  typical  4-probe 
configuration  for  sheet  resistance  (surface  resistivity)  measurements  is  that  the  vdP  route  is  a 
more  convenient  method  for  attaching  leads  to  arbitrarily-shaped,  thin  samples  with  uniform 
thickness.  In  addition,  probe  (lead)  spacing  becomes  negligible.  Figure  5.5  shows  the 
temperature-dependant  electrical  resistivity  data  (10  -  390  K)  for  a  film  grown  on  Si  (100). 
Weakly  metallic  behavior  in  the  p-T  plots  is  observed  at  higher  temperatures  {T>  100  K).  At 
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lower  temperatures  {T  <  100  K),  behavior  similar  to  that  of  semiconductors  is  observed,  and  can 
be  attributed  to  spin  density  wave  effect  in  CCO-349  [2], 

Additional  transport  properties  (a  and  4-probe  p)  were  measured  at  room  temperature 
using  the  Power  Factor  Screening  Instrument  (PFSI),  which  is  a  modified  version  of  a  NIST- 
developed  room  temperature  thermopower  screening  tool  [26-28]. 


0  T - 1 - 1 - 1 - 1 - 1 - 1 - 1  t 

0  50  100  150  200  250  300  350  400 

Temperature  (K) 


Figure  5.5.  Temperature-dependent  electrical  resistivity  (p)  measured  using  the  van  der  Pauw  method  for  a 
film  grown  on  Si  (100).  Inset:  Thermopower  behavior  measured  at  room  temperature  using  our  custom 
thermopower  screening  tool.  For  comparison,  the  thermopower  was  measured  for  samples  grown  on  Si  (100) 

and  LaAlOs  (100). 

The  probing  system  (described  later  in  more  detail  in  the  Combinatorial  Approach 
section)  is  designed  to  measure  4-probe  electrical  resistivity  by  applying  a  fixed  current  through 
two  outer  probes  and  measuring  the  voltage  drop  across  the  inner  two;  and  the  Seebeck 
coefficient  by  heating  one  probe  and  measuring  the  voltage  and  AT  across  the  two  inner  probes. 
This  tool  was  designed  to  rapidly  screen  large  (up  to  4  in.)  combinatorial  samples,  but  can  also 
be  applied  to  bulk  and  smaller  individual  thin  film  samples.  Samples  from  each  deposition  are 
currently  being  measured  using  the  screening  tool  and  checked  for  reproducibility.  The  inset  of 
Figure  5.5  shows  the  a  data,  which  is  lower  than  expected,  possibly  due  to  measurement  errors  at 
the  time  of  data  collection.  The  sign  of  the  a  values  indicates  dominant  hole  carriers. 

From  high  resolution  transmission  electron  microscopy  and  scanning  electron 
microscopy  (HR-TEM  and  HR-SEM,  respectively),  five  distinguishable  types  of  diffraction  rows 
{A,  B,  C,  D  and  E),  each  with  different  inter-planar  spacing,  were  taken  from  different  areas  of 
the  film  on  Si  (100)  and  are  illustrated  in  Figure  5.6.  The  largest  inter-planar  spacing  d 
(indicated  with  arrows)  was  measured  for  each  diffraction  pattern,  and  are  0.24  nm  for^,  0.14 
nm  for  B,  0.27  nm  for  C,  0.37  nm  for  D  and  0.63  nm  for  E.  According  to  the  inter-planar 
spacing,  diffraction  J  was  indexed  as  from  the  [010]  direction  of  CCO-349,  diffraction  B  was 
indexed  as  from  the  [100]  direction  from  CCO-349,  diffraction  C  was  indexed  as  from  the  [010] 
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direction  of  the  CCO-225  phase,  diffraction  D  was  indexed  as  from  the  [100]  direction  of  CCO- 
225,  and  diffraction  E  was  indexed  as  from  the  [1 10]  direction  of  CCO-225. 


Figure  5.6.  TEM  and  HR-TEM  images  of  the  three  Ca-Co-O  phases  in  the  “pure”  CCO-349  film 

In  addition  to  the  CCO-349  and  CCO-225  phases,  there  is  an  un-identified  phase  present, 
indicated  as  CCO-unknown,  with  a  J-spacing  of  0.14  nm,  which  is  identical  to  (020)  J-spacing 
C0O2  sub-system.  Because  the  r/-spacing  of  the  un-identified  phase  is  0. 14  nm,  smaller  than  the 
spatial  resolution  of  0.23  nm  for  the  TEM  instrument  used,  the  2D  lattice  image  is  not  fully 
resolved,  and  only  the  lines  parallel  to  the  fdm  plane  are  observable  in  the  high-resolution 
transmission  electron  microscopy  (HR-TEM)  images.  It  is  suspected  that  the  un-identified  phase 
may  be  related  to  CCO-349,  possibly  by  mis-orientation.  Each  of  the  co-existing  CCO  phases 
share  the  same  out-of-plane  or  c-axis  lattice  parameter  as  that  of  CCO-349  phase  (~  10.8  A). 
However,  the  CCO-225  and  CCO-unknown  phases  have  very  different  in-plane  lattice 
parameters  from  that  of  the  CCO-349  phase.  The  phases  have  a  nano-lamellar  relationship 
(alternating  stacking  of  different  compositions)  and  are  ~  5  -  10  nm  thick  along  the  film  normal. 

The  local  chemical  composition  and  additional  details  on  the  crystalline  structure  of  the 
CCO-349  films  were  obtained  from  scanning  transmission  electron  microscopy  (STEM) 
equipped  with  High  Angle  Annual  Dark  Field  Detector  (HAADF)  for  Z-contrast  imaging  and 
Energy  Dispersive  Spectroscopy  (EDS)  for  compositional  mapping  under  STEM  mode.  EDS 
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mapping  illustrates  that  all  3  phases  consist  of  Ca,  Co  and  O.  In  comparison  with  the  CCO-349 
phase,  the  CCO-225  and  CCO-unknown  have  less  Ca,  as  shown  in  Figure  5.7. 


Figure  5.7  STEM  Z-contrast  images,  EDS  spectrum  and  EDS  elemental  mapping  of  CCO-349  (Spec  1)  and 

CCO-225  (Spec  2) 

As  stated  earlier,  among  the  Ca-Co-0  phases,  CCO-349  and  CCO-225  have  the  most 
enhanced  TE  properties.  However,  for  CCO-225,  film  synthesis  and  the  relationship  of  its 
structure  and  electronic  and  thermal  properties  to  its  TE  behavior  remains  largely  unexplored,  as 
it  has  been  discovered  more  recently.  During  the  course  of  this  study,  we  became  interested  in 
synthesizing  textured  Ca-Co-0  films  with  various  portions  of  CCO-349  and  CCO-225  as 
multilayers.  The  TE  properties  of  the  different  phases  are  still  being  explored  to  determine  the 
influence  of  the  co-existent  nature  of  the  various  phases,  which  may  enhance  interfacial  phonon 
scattering.  The  specifics  of  the  task  approach  are  outlined  below: 

1 .  Control  of  target  stoichiometry:  Current  FED  films  consist  of  ~  70  -  80  %  CCO-349  and 
CCO-225  phase,  and  ~  20  -  30  %  of  the  un-identified  B  phase.  The  presence  of  the  nano- 
lamellar  phases  with  slightly  different  Ca-concentration  offers  the  unique  opportunity  of 
controlling  the  abundance  and  distribution  of  the  compositions  through  controlling  film 
growth  conditions  and  stoichiometry  of  the  target  materials. 

2.  FED  growth  temperature  and  oxygen  partial  pressure  control:  It  was  found  that  for  Ca- 
Co-0  phases  such  as  CCO-326,  O2  pressure  could  have  significant  influence  on  the  film’s 
texture  [29].  We  currently  deposit  our  films  at  an  O2  pressure  of  300  mTorr,  after  which, 
the  pressure  is  increased  to  1  atm  during  cooling.  We  will  conduct  experiments  at 
various  pressures. 

The  concentration  of  charge  carriers,  and  thus  the  electrical  conductivity  and  TE 
properties  of  a  semiconducting  material,  can  be  tuned  by  suitable  substitution  reactions.  Several 
dopants  have  been  reported  to  increase  the  TE  properties  of  CCO-349.  For  example,  it  is 
reported  that  partial  substitution  of  Fe"^^  for  Co^^  can  decrease  the  electrical  resistivity  and 
increase  the  thermopower  simultaneously.  At  room  temperature,  the  figure-of-merit  of  Ca3Co4. 


72 

Approved  for  public  release;  distribution  unlimited. 


xFex09+5  (x  =  0.05)  is  zT=  0.017  [30],  which  is  significantly  higher  than  that  of  pure  CCO-349 
(zr=  0.009  at  300  K). 

We  have  conducted  a  similar  doping  approach  by  doping  CCO-349  with  BaZrOs  (BZO) 
[24].  A  composite  target  containing  a  mixture  of  pure  CCO-349  and  3  wt%  addition  of  BZO 
(hereafter,  CCO+BZO),  was  prepared  by  mixing  the  two  phases  in  a  mortar  and  pestle,  and 
compressing  the  materials  into  a  pellet.  Thin  film  samples  were  deposited  using  identical  growth 
conditions  as  detailed  earlier  for  the  pure  CCO-349  samples.  Indexing  of  the  (00/)  XRD  peaks 
(not  shown)  reveal  that  the  samples  are  hetero-epitaxially  grown  with  strong  c-axis  texture. 

From  the  eight  (00/)  peaks,  the  c-axis  parameters  were  calculated  and  are  10.83  A  and  10.86  A 
for  pure  CCO-349  and  CCO+BZO,  respectively.  Although  slight,  this  increase  in  the  c-axis 
parameter  suggested  diffusion  of  Ba  and  Zr  into  the  CCO-349  lattice.  These  data  are  within 
reasonable  agreement  with  values  from  previous  thin  film  studies  and  comparable  to  bulk  CCO- 
349. 

Electrical  resistivity  and  Seebeck  coefficient  data  for  the  samples  grown  from  the 
composite  target  were  measured  and  are  shown  in  Figure  5.8.  Majority  carriers  in  CCO-349  are 
holes,  so  a  decrease  in  p  by  doping  with  BZO  may  be  attributed  to  substitutions  on  the  Ca^"^  site, 
which  introduces  more  hole  carriers,  although  further  investigation  is  necessary.  In  other 
composite  studies  done  with  CCO-349,  secondary  additions  facilitate  well  connections  between 
cobaltite  grains,  which  reduces  carrier  scattering  at  the  grain  boundary.  This  phenomenon 
considerably  reduces  the  resistance  at  the  grain  boundary  and,  thus,  decreases  p.  Thermopower 
behavior  for  all  samples  is  metallic  and  typical  for  CCO-349-based  materials,  albeit  with  values 
much  lower  than  expected,  possibly  a  result  of  band  structure  changes  due  to  cation  substitution 
for  Ca^^.  This  behavior  has  been  also  observed  for  Ag-added  samples  versus  Ag-doped  samples 
[31].  Other  possible  explanations  include  the  increase  in  carrier  concentration  and/or  the 
resulting  decrease  of  the  effective  mass  of  the  hole,  and  also  the  spin-states  of  the  Co  ions.  With 
the  addition  of  3wt%  BZO,  preliminary  power  factor  {PF  =  a^/p)  values  increased  by  7  %  for  the 
samples  grown  on  Si  and  27  %  for  LAO  (Figure  5.8).  Further  studies  such  as  photoemission  or 
Seebeck  suppression  in  a  magnetic  field  may  be  necessary  to  reveal  the  ratio  of  Co^ACo"^^  to 
determine  the  spin-states  in  our  samples. 

The  TEM  analysis,  STEM  Z-contrast  imaging  and  EDS  mapping  for  the  CCO+BZO 
samples  is  shown  below  in  Figures  5.9  -  5.1 1.  It  was  found  that  BZO  doping  has  the  following 
effects  on  the  microstructure  of  CCO-349  films: 

1 .  Increases  the  mis-orientation  of  nano-lamellae  and  induces  low  angle  GBs  perpendicular 
to  the  film  plane  (highlighted  in  Figure  5.9) 

2.  Stabilizes  CCO-349  phase  formation,  although  the  film  still  consists  of  three  (3)  phases, 
CCO-349,  CCO-225  and  CCO-unknown  (Figure  5.10) 

3 .  Distributes  Zr  uniformly  throughout  the  film  (Figure  5.11) 

4.  Segregates  Ba  into  the  Ca-deficient  regions  of  CCO-225,  CCO-unknown,  and  also  into 
the  low-angle  GBs  (Figure  5.1 1). 
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Figure  5.8.  Left  panel:  Temperature-dependent  electrical  resistivity  (p)  measured  using  the  van  der  Pauw 
method  for  films  grown  on  Si  (100).  Inset:  Blow-up  of  high  temperature  data.  Right  panel:  Thermopower 
behavior  measured  at  room  temperature  using  the  PFSI.  For  comparison,  the  thermopower  was  measured 

for  samples  grown  on  Si  (100)  and  LaAlOa  (100). 


Figure  5.9.  BZO-doped  CCO  film  with  increased  mis-orientation  and  low  angle  grain  boundaries 

perpendicular  to  the  film  plane 
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Figure  5.10.  BZO-doped  film  with  CCO-349  as  the  main  phase  and  nano-lamellar  CCO-225  (5)  and  CCO- 

unknown  (Q  phases 
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Figure  5.11.  Zr  is  uniformly  distributed  throughout  the  film,  while  Ba  segregates  into  Ca-deficient  phases  and 

GBs 

The  above  results  from  the  BZO-doped  fdm  elearly  indicate  that  the  formation  of  the  low 
angle  GBs  and  the  chemistries  of  each  phase  can  be  controlled  through  doping.  In  order  to 
obtain  an  enhanced  figure-of-merit,  the  following  doping  approaches  were  attempted: 

1 .  Optimization  of  BZO  doping  by  adjusting  weight  fractions  or  volume  percentages 

2.  Selection  of  other  dopants  such  as  Fe,  Gd  and  Bi. 

For  the  initial  series  of  Ca-Co-0  films  grown  on  Si  (100),  we  conclusively  discovered 
that  there  is  a  reaction  at  the  interface,  with  the  stacking  sequence:  Si  (100)  /  amorphous  Si-Ca-0 
/  crystalline  C03O4  /  crystalline  Ca-Co-0.  The  amorphous  Si-Ca-0  layer  is  likely  due  to  the 
migration  (diffusion)  of  Ca  atoms  into  the  thin  Si02  layer  on  the  surface  in  the  Si  substrate.  This 
is  highlighted  in  Figure  5.12.  From  the  HR-TEM  micrograph  shown  in  Figure  5.13,  it  appears 
that  the  Ca-Co-0  film  spontaneously  grows  epitaxially  on  the  crystalline  C03O4  layer.  The 
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crystal  orientation  relationship  between  the  C03O4  phase  and  the  Ca-Co-0  phase  is:  [110]  C03O4 
//  [010]  Ca-Co-0  and  (110)  C03O4//  (001)  Ca-Co-0. 


Figure  5.12.  {Top)  Ca-Co-O  film  with  interface  reaction  layer  highlighted.  {Bottom)  Element  distribution  at 

interface  reaction  layer  {note  scale) 


Figure  5.13.  HR-TEM  micrograph  revealing  the  epitaxial  growth  of  the  Ca-Co-O  phases  on  the  interface 

reaction  layer  of  crystalline  C03O4  {note  scale) 
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5. 3. 1.4  Ca-Co-0/Co304  nano-composite 

The  addition  of  nano-inclusions  into  bulk-scale  TE  materials  such  as  SiGe-  and  Bi2 
xSbxTes-based  systems  for  use  in  high-temperature  power  generation  and  cooling  applications, 
respectively,  has  proven  to  be  very  effective  in  enhancing  the  phonon  scattering  and  the  figure- 
of-merit.  Recently,  particular  emphasis  on  nano- structured  engineering  has  been  towards 
systems  based  on  PbTe,  Agrb^ShTci+m,  NaPb;„SbTe2+m,  Bi2Te3,  and  Si.  To  date,  the  dramatic 
zT  enhancements  seen  in  bulk  nano-structured  materials  have  come  from  very  large  reductions  in 
lattice  thermal  conductivity  rather  than  from  improvements  in  power  factors  {PF  =  a^a).  The 
addition  of  nano-inclusions  into  oxide  materials  for  TE  property  enhancement  is  largely 
unexplored.  As  mentioned  in  the  Introduction  of  this  chapter,  the  challenge  for  any  nano- 
structured  system  is  charge  carrier  scattering  at  interfaces  and  GBs  between  randomly  oriented 
grains,  thus  leading  to  a  concurrent  reduction  of  both  the  thermal  and  electrical  conductivities 
[6].  The  ideal  nano-structured  materials  should  have  thermodynamically  stable,  coherent, 
epitaxial-like  interfaces  between  the  constituent  phases  to  prevent  scattering  of  electrons  at 
interfaces  and  GBs. 

The  objective  here  is  to  develop  high  performance  Ca-Co-0  fdms  with  designed  nano¬ 
defects,  including  nano-inclusions  with  appropriate  size  and  appropriate  interval  spacing,  for 
enhanced  phonon  scattering.  The  evidence  for  epitaxial  growth  of  the  Ca-Co-0  phases  on  the 
C03O4  phase  that  we  discovered  earlier  offers  the  opportunity  of  growing  a  Ca-Co-0  fdm  with 
C03O4  nano-inclusions,  or  alternately,  nano-layered  C03O4,  uniformly  distributed  inside  the  Ca- 
Co-0  film.  We  continued  to  explore  the  method  for  incorporating  secondary  oxide  phases  into 
textured  Ca-Co-0  fdms,  by  starting  with  the  new  candidate  C03O4,  since  C03O4  is  chemically 
compatible  with  Ca-Co-0  and  is  also  stable  at  high  temperature.  By  satisfying  the  interface 
requirements  with  Ca-Co-0  to  prevent  scattering  of  electrons  at  interfaces  and  GBs,  C03O4  is  an 
ideal  candidate  for  serving  as  nano-dispersions  (inclusions)  inside  the  Ca-Co-0  films.  In 
addition,  the  electrical  conductivity  behavior  of  /?-type  semiconducting  C03O4  [32]  is  expected  to 
simultaneously  increase  the  electron  conductivity  and  decrease  the  thermal  conductivity  when 
incorporated  as  nano-inclusions,  due  to  migration  of  vacancies. 

An  in-house  grown  Ca-Co-0/Co304  nano-composite  sample  is  shown  in  Figure  5.14. 
Here,  a  multilayer  structure  is  formed  from  the  two  material  compositions;  however,  the  notion 
that  the  two  phases  are  insoluble  is  confirmed.  In  following  depositions,  nano-inclusion 
concentration  was  controlled  at  various  levels  ranging  from  ~  1  -  5  mol%.  This  was  made 
possible  by  using  a  bulk  CCO-349  target  with  a  30°  sector  (slice)  of  C03O4  affixed  to  the  top 
surface.  As  the  target  rotates  during  the  laser  ablation  deposition  process,  minute  amounts  of  the 
second  phase  are  trapped  inside  of  the  bulk  matrix.  Additions  were  easily  controlled  by 
alternating  targets  during  deposition  or  by  varying  the  dimensions  of  the  sectored  material.  In 
addition  to  C03O4,  the  use  of  other  compatible  oxide  candidates  for  nano-inclusion  incorporation 
into  the  film(s)  is  being  considered  as  well. 
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Figure  5.14.  Nano-layer  C03O4  alternating  with  Ca-Co-O  deposited  using  a  sectored  target  PLD  approach 

5. 3. 1.5  Physical  Property  Measurement  System  Upgrades  and  Data  Collections 

Early  in  FYl  1,  the  Physical  Property  Measurement  System  (PPMS)  was  upgraded  with 
the  Thermal  Transport  Option  (TTO)  for  TE  property  measurements  from  10  K  -  390  K  (-263  - 
127  °C).  The  TTO  measures  the  electrical  resistivity  p,  thermal  conductivity  k,  and  Seebeck 
coefficient  a,  to  calculate  the  figure-of-merit  (z7).  Both  thin  film  and  bulk  TE  samples  can  be 
measured,  however,  the  thermal  conductivity  for  thin  films  cannot  be  decoupled  from  the 
supporting  substrate  and  therefore  figure-of-merit  determinations  would  be  inaccurate.  With  this 
being  the  case,  typically  only  PF  (a^/p)  behavior  is  observed  and  reported  for  film  samples. 
Furthermore,  our  samples  are  deposited  onto  insulating  substrates,  to  avoid  electrical  shorting 
during  measurement.  By  combining  the  PPMS/TTO  data  with  data  from  the  internally- 
developed  PFSI,  and  also  with  data  collected  externally  using  a  high  temperature  Linseis 
Seebeck  and  electrical  resistivity  measurement  system  (WVU  collaboration),  the  PFs  of  our 
materials  can  be  evaluated  from  -263  -  1000  °C. 

Since  its  installation,  the  TTO  has  been  used  to  evaluate  the  low  temperature  performance 
of  200+  thin  film  and  bulk  samples  in-house.  Figure  5.15  shows  a  sampling  of  the  PFdata 
collected  for  a  variety  of  thin  film  samples  deposited  at  different  rates  (2,  3  and  4  Hz),  on 
different  substrates  (AI2O3  and  LAO),  and  using  different  targets  (2  pure  CCO-349  and  1  BZO- 
doped  CCO-349  target).  Beneath  the  plot  in  Figure  5.15  is  a  schematic  of  the  electrical  lead 
configuration  adapted  for  TTO  transport  measurements  of  thin  film  samples. 

One  of  the  challenges  encountered  when  comparing  TE  property  data  reported  by 
different  research  groups  is  the  large  variation  of  metrology.  Many  groups  routinely  measure  a 
on  one  sample,  and  p  on  a  different  sample,  then  combine  the  data  from  the  two  independent 
property  measurements  to  determine  the  performance  characteristics.  Also,  many  studies  may 
report  data  collected  for  a  single  sample  using  separate  measurement  techniques.  While  these 
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data  from  the  same  sample  may  be  considered  more  accurate,  data  collection  in  this  manner  is 
very  time-consuming.  The  method  of  thin  fdm  sample  preparation  developed  in-house  allows 
for  simultaneous  measurement  of  both  electrical  resistivity  and  Seebeck  coefficient  on  the  same 
samples  using  the  PPMS/TTO.  Several  samples  of  CCO-349  on  LAO  or  sapphire  (AI2O3)  have 
shown  Seebeck  coefficients  of  140  -  145  pV/K  at  300  K  {not  shown),  which  is  comparable  to  the 
highest  values  reported  in  literature  for  pure  CCO-349  single  crystals  and  epitaxial  films.  A 
reference  curve  [33]  from  the  study  of  an  optimized,  textured  CCO-349  epitaxial  film  grown  on 
AI2O3,  and  tested  in  a  manner  similar  to  ours,  is  superimposed  in  the  PFplot  in  Figure  5.15  for 
comparison. 


Figure  5.15.  (top)  Temperature-dependent  Power  Factor  data  for  Ca-Co-O-based  thin  film  samples  deposited 
on  insulating  substrates.  A  reference  curve  (Wang,  et  al.)  is  shown  for  comparison,  {bottom)  4-probe 
configuration  for  thin  film  measurement  using  the  PPMS/TTO. 


Figure  5.16  displays  a  sampling  of  the  zT  data  collected  for  a  variety  of  pure  CCO-349 
and  BZO-doped  CCO-349  bulk  samples  grown  in-house.  These  tests  have  revealed  two 
noticeable  trends:  (1)  the  oxygenation  of  bulk  samples  after  cutting  for  property  measurements 
reduced  the  electrical  resistivity  by  nearly  an  order  of  magnitude,  and  (2)  the  addition  of  BZO 
lead  to  a  pronounced  reduction  of  the  zT.  The  oxygenation  procedure  (annealing  in  flowing  O2 
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at  500  <T>  800  °C)  ensured  that  the  samples’  surfaces  were  not  oxygen  deficient,  which  lead  to 
better  electrical  conduction,  and  therefore  higher  zT  values.  The  addition  of  BZO  results  in  a 
reduction  in  both  the  electrical  conductivity  and  Seebeck  coefficient,  likely  due  to  localized 
phase  dispersion  within  the  CCO-349  bulk  material.  Moreover,  if  a  chemical  reaction  between 
the  two  phases  occurs  during  the  composite  target  synthesis,  then  substitution  of  Zr  for  Co  would 
alter  the  Co  spin-states,  facilitating  the  behavior  observed.  The  very  different  segregation 
behavior  of  the  Zr  and  Ba  atoms  in  our  thin  film  samples  has  been  presented  earlier  and 
illustrated  in  Figure  5.11.  Ba  occupies  Ca-deficient  regions  within  the  film,  and  being  larger 
than  Ca,  also  introduces  strain,  thus  adversely  affecting  the  carrier  transport.  Though  yet  to  be 
seen,  this  phenomenon  may  also  play  a  role  in  the  bulk  materials.  As  the  concentration  of  BZO 
increases,  the  zT  decreases  further.  To  accurately  determine  the  cause  of  the  reduction  in  zT  due 
to  BZO  addition,  we  began  additional  studies,  which  included  iodometric  titration  to  determine 
O2  content,  photoemission,  and  Seebeck  suppression  in  a  magnetic  field  via  the  PPMS/TTO  to 
determine  the  Co^VCo"^^  ratio. 

With  very  few  references  reporting  zT  behavior  of  CCO-349-based  materials  at  low 
temperatures,  the  reference  curves  [34]  in  Figure  5.16  were  calculated  from  the  reported  PF 
values  by  Kenfaui,  et  al.  Since  the  thermal  conductivities  for  nearly  all  of  our  bulk  samples  of 
CCO-349  fall  between  1  -  2  W/m-K,  we  used  the  reported  PF  values  to  estimate  a  likely  range 
of  zT  values  for  the  reported  data  (assuming  that  the  thermal  conductivity  behavior  is  similar  to 
ours).  Based  on  this  assumption  and  subsequent  calculations,  we  find  that  our  CCO-349  samples 
are  within  range  of  values  reported  by  other  research  groups  at  T  <  300  K. 


Figure  5.16.  zT  data  for  bulk  Ca-Co-O-based  samples  measured  using  the  PPMS/TTO  {note  temperature 
range).  The  reference  cnrves  were  calculated  from  reported  data  by  Kenfaui,  et  al. 


1 . 1 . 1 . 1  Fe  Doping  Study  Summary 

Bulk  Fe-doped  CCO-349  (Ca3Co4.xFex09+6)  samples  and  pulsed  laser  deposition  (PLD) 
targets  were  made  using  standard  solid  state  ceramic  processing  methods.  Stoichiometric 
amounts  of  C03O4,  CaC03  and  Fe203  were  mixed  to  form  samples  with  various  Fe  content.  The 
synthesis  approach  was  developed  experimentally  using  the  CaO-Co304  phase  diagram  and 
iterative  powder  XRD  results.  These  experiments  showed  that  Fe  could  be  used  to  increase  the 
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electrical  conductivity  and  Seebeck  coefficient  while  simultaneously  decreasing  the  thermal 
conductivity  in  doped  CCO-349  bulk  samples. 

Thin  film  samples  were  deposited  on  various  substrates  using  PLD.  A  KrF  excimer  laser 
was  used  (k  =  248  nm)  at  a  repetition  rate  of  4  Hz  and  pulse  energy  of  -348  mJ  (-1.7  J/cm).  350 
nm  thick  films  were  deposited  at  973  K  (700  °C)  in  300  mTorr  O2.  After  deposition,  the  films 
were  cooled  to  room  temperature  in  latm  O2  with  a  1  hour  in-situ  anneal  at  773  K  (500  °C). 

Initially,  elemental  (Ca,  Fe,  Co)  analysis  of  the  Fe-doped  CCO-349  bulk  samples  was 
done  using  enrgy  dispersive  spectroscopy.  The  actual  content  of  Co  and  Fe  was  very  close  to  the 
expected  value  throughout  the  range  of  Fe  contents. 

Powder  x-ray  diffraction  of  the  Fe-doped  CCO-349  bulk  materials  revealed  the  formation 
of  secondary  phases  with  increasing  Fe  content.  Below  x  =  0.5,  Fe  appeared  to  be  incorporated 
into  the  CCO-349  crystal  structure  as  the  c-axis  parameter  varies  with  Fe  content.  In  addition, 
below  X  =  0.5  there  is  no  evidence  of  secondary  phases  in  the  diffraction  patterns.  As  the  Fe- 
content  increases  above  x  =  0.5,  the  amount  of  CCO-349  decreases  and  two  secondary  phases 
begin  to  appear:  an  Fe-rich  phase  (Ca2Fe205)  and  an  Fe-poor  phase  (C03O4).  At  x  =  2.0,  these 
two  phases  are  the  only  phases  present;  there  was  no  evidence  of  CCO-349. 

Several  samples  have  been  analyzed  via  XPS  in  AFRL’s  Materials  Directorate.  Initially, 

3  thin  film  samples  with  varying  Fe  content  were  analyzed.  These  samples  were  tested  both  as- 
received  and  after  sputtering  for  60  seconds  to  probe  the  composition  of  sample  about  50-100  nm 
below  the  initial  surface.  There  was  a  substantial  amount  of  carbon,  C  (-35  at%),  in  the  as- 
received  samples.  Even  after  sputtering,  the  C  content  of  the  film  was  -20  at%,  although  it  was 
suggested  that  this  could  be  due  to  mixing  of  the  surface  contamination  with  the  film  during 
sputtering.  Interestingly,  the  most  Fe-rich  sample  showed  evidence  of  C  atoms  existing  as  FeC 
within  the  depth  of  the  film,  which  was  not  seen  in  XRD  analysis  of  thin  film  samples  from  this 
target.  This  lends  evidence  to  the  theory  that  mixing  may  be  occurring  during  sputtering.  For 
lower  loadings  (-1.5  at%)  of  Fe,  there  was  no  evidence  of  Fe  in  the  sample  through  XPS.  There 
could  be  several  reasons  for  this.  First,  the  large  amount  of  C  contamination  reduces  the 
sensitivity  of  the  technique  and  the  low  Fe  content  is  near  the  detection  limit  for  the  technique. 
Also,  the  peaks  for  Fe  and  Co  are  fairly  close  together  with  the  Fe  2p  doublet  overlapping  with 
the  Co  auger  peak  making  identification  more  difficult.  These  results  are  still  under 
investigation. 

The  TE  properties  of  our  Fe-doped  CCO-349  bulk  samples  have  been  compared  to  values 
found  in  literature.  In  all  cases,  electrical  resistivity  decreases  with  small  additions  of  Fe  (x  < 

0.5)  as  expected.  The  Seebeck  coefficient  remains  constant  for  most  datasets.  Regardless  of  the 
magnitude  of  effect  on  Seebeck,  all  of  our  samples  show  a  notable  increase  in  the  Power  Factors 
(combination  of  electrical  resistivity  and  Seebeck  coefficient)  at  Fe  contents  below  x  =  0.5.  Our 
samples  show  a  significantly  lower  thermal  conductivity  -  three  to  six  times  -  than  reference 
samples,  and  suggests  a  weak  relationship  to  Fe  content,  unlike  that  of  reference  samples.  These 
measurements  will  be  re-evaluated  for  accuracy. 

In  our  samples,  however,  overall,  zT  increases  up  to  200-300%  with  increasing  Fe  content 
below  X  =  0.5  have  been  observed.  Similar  analyses  have  been  performed  on  thin  film  samples. 
These  samples  also  did  not  display  a  strong  relationship  between  Seebeck  coefficient  and  Fe 
content,  with  neither  improvements  nor  reductions  in  Seebeck  coefficient.  These  samples  do 
however  show  a  strong  increase  in  electrical  conductivity  (significant  reduction  in  electrical 
resistivity)  over  bulk  samples  due  to  increased  density  and  sample  texturing  due  to  structural 
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changes  as  a  result  of  Fe-doping.  The  Power  Factor  of  these  samples  was  increased  by  300-400% 
as  compared  to  the  bulk  samples. 

5.3.2  Approach  2:  High-throughput  Combinatorial  Approach  for  Rapid  Identification  of 

Novel  TE  Materials 

5.3.2. 1  Overview 

Combinatorial  science  was  first  demonstrated  in  the  medical  industry  for  drug  discovery, 
and  with  considerable  advances  in  methodology,  has  now  been  successfully  applied  to  materials 
science.  For  materials  research,  this  approach  has  been  effective  in  allowing  a  small  number  of 
precursor  chemical  reagents  (solid  or  solution-based)  to  be  merged  into  all  possible  combinations 
in  a  given  reaction  scheme  for  direct  comparisons  (crystal  structures,  performance  properties, 
etc.)  [35].  In  addition,  combinatorial  screening  methods  have  allowed  for  multidimensional 
chemical  composition  exploration  at  an  unprecedented  level  of  detail,  and  have  led  to  the 
discovery  of  a  wide  variety  of  technologically  important  materials  ranging  from  high  temperature 
superconductors,  magnetic,  dielectric,  ferroelectric,  and  structural  materials  to  catalysts, 
polymeric  coatings  and  advances  in  thin-fdms.  Although  the  combinatorial  processing  and  high- 
throughput  screening  is  readily  becoming  more  accepted  in  the  materials  science  community, 
similar  capabilities  to  those  at  AFRL  are  restricted  to  a  severely  limited  number  of  research 
facilities,  one  of  which  being  the  National  Institute  of  Standards  and  Technology  (NIST).  NIST 
uses  these  capabilities  primarily  for  standard  certification  or  for  metrology  and  methodology 
advances  and  not  for  the  purposes  of  materials  enhancement.  This  makes  our  custom 
combinatorial  deposition  and  screening  apparatus  a  near  one-of-a-kind  asset. 

5. 3. 2. 2  Introduction 

A  variety  of  novel  synthesis  and  processing  techniques  for  tailoring  TE  responses  have 
been  employed  in  the  study  of  new  TEs,  however,  a  disadvantage  associated  with  many  of  these 
methods  is  the  time-effort  involved  in  the  processes.  The  combinatorial  approach  has  been  a 
prevalent  technique  in  the  pharmaceutical  and  biotechnology  industries  in  which  various 
combinations  of  materials  are  evaluated  for  specific  physical  properties.  The  combinatorial 
method  can  eliminate  some  of  the  effort  associated  with  the  trial-and-error  syntheses  of  inorganic 
solid-state  materials  such  as  intermetallics  and  ceramics,  and  can  quickly  and  cost-effectively 
produce  libraries  of  binaries,  ternaries,  quaternaries,  etc.,  in  the  investigation  for  compounds  with 
interesting  electronic,  magnetic,  optical  or  mechanical  properties  [35].  Using  this  technique, 
precursors  are  deposited  successively  through  physical  masks  to  vary  the  elemental 
compositions,  after  which,  physical  property  measurements  of  the  fabricated  films  may  be 
screened.  Since  materials  previously  synthesized  by  bulk  methods  may  exhibit  different 
electronic  behavior  than  their  thin  film  and  nanostructured  counterparts,  the  combinatorial 
method  will  likely  lead  to  a  facile  measurement  of  the  PF,  which  may  be  the  most  valuable 
property  to  evaluate  for  potential  TE  materials  by  serving  as  a  preliminary  zT.  In  this  regard 
however,  a  reliable  identification  of  materials  most  suitable  for  TE  applications  depends  largely 
upon  innovative  methods  designed  to  rapidly  scan  thin  films  for  compositions  with  enhanced  TE 
properties,  which  are  currently  lacking.  The  combinatorial  approach  to  the  research  and 
development  of  TE  materials  may  further  advance  and  improve  the  materials  needs  of  the  U.S. 
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government  and  industries.  Otani,  et  al.  [26,  27]  studied  the  (Cai.x-ySrxLay)Co409  system  and 
found  that  substituting  La  for  Ca  results  in  an  inerease  in  resistance  and  Seebeck  coefficient, 
whereas  Sr  substitution  decreases  resistance.  This  effort  was  instrumental  in  testing  the 
effectiveness  of  a  high-throughput  screening  tool,  although  measurements  were  limited  to  room 
temperature.  In  order  to  identify  efficient  {zT>  1)  materials  compositions  and  the  effects  of 
doping  on  TE  behavior,  it  is  of  key  interest  to  measure  performance  over  a  range  of  operating 
temperatures. 

In  FYIO,  we  designed  a  method  in  which  to  rapidly  identify  novel  TE  materials  and 
determine  compositions  with  optimized  TE  behavior  by  applying  a  high-throughput 
Combinatorial  Approach.  Combinatorial  mapping  is  a  state-of-the-art  screening  technique,  and 
is  an  effective  method  for  accelerating  the  selection  and  introduction  of  TE  materials  into  the 
manufacturing  process.  It  allows  for  rapid  identification  and  characterization  of  materials  as  well 
as  for  concise  descriptions  of  composition-structure-property  relationships.  TE  property 
enhancements  have  been  achieved  in  different  materials  systems  through  various  approaches, 
including  nano-structuring,  texturing,  and  other  structural  modifications.  Additionally,  TE 
materials  can  often  be  further  improved  through  doping  and  void-filling  effects.  However,  a 
major  disadvantage  associated  with  many  of  the  conventional  synthetic  techniques  that  have 
shown  success  in  improving  TEs,  is  the  extensive  time  and  manpower  involved  in  single  material 
processing  (synthesis  and  characterization).  The  combinatorial  method  eliminates  much  of  the 
effort  associated  with  the  trial-and-error  syntheses  of  inorganic  solid-state  materials,  such  as 
intermetallics  and  ceramics,  and  can  quickly  and  cost-effectively  produce  libraries  of  binaries, 
ternaries,  quaternaries,  etc.,  in  the  search  for  compounds  with  enhanced  electronic,  magnetic, 
optical  or  mechanical  properties.  Using  this  technique  coupled  with  pulsed  laser  deposition 
(FED)  for  the  fabrication  of  solid-solution  thin- films,  precursors  are  deposited  successively 
either  through  physical  masks  to  vary  the  elemental  compositions,  or  by  the  natural-spread 
method,  after  which,  physical  property  measurements  of  the  fabricated  films  may  be  screened. 
Figure  5.17  shows  the  general  combinatorial  FED  method  for  fabricating  thin  film  libraries  on  3 
to  4  in  diameter  substrates  at  high  temperatures.  Since  materials  previously  synthesized  by  bulk 
methods  often  exhibit  different  electronic  behavior  than  their  thin  film  and  nano-structured 
counterparts,  the  combinatorial  method  will  likely  lead  to  a  facile  measurement  of  the  power 
factor.  In  this  regard  however,  a  reliable  identification  of  materials  most  suitable  for  TE 
applications  depends  largely  upon  innovative  methods  designed  to  rapidly  scan  thin-films  for 
compositions  with  enhanced  TE  properties,  which  are  currently  lacking.  The  combinatorial 
approach  to  the  research  and  development  of  TE  materials  stands  to  further  advance  and  improve 
the  materials  needs  of  the  TE  industry. 
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Figure  5.17.  Fully-automated  combinatorial  deposition  process,  (a)  Depiction  of  PLD  chamber  components 
with  laser  entry  and  rotating  targets  and  substrate,  (b)  Alternating  targets  are  ablated  to  deposit  single  layers 
at  varions  substrate  positions,  (c)  After  reaching  desired  thickness  based  on  material  calibrations,  a  ternary 

diagram  is  achieved  where  the  three  materials  overlap. 


One  of  the  greatest  hurdles  to  overcome  in  this  Combinatorial  Approach  is  to  reliably 
conduct  rapid  yet  accurate  screening  of  continuous  composition  sample  libraries.  Typically,  thin 
film  research  samples  are  small  (4  mm  x  8  mm),  and  consist  of  a  single  composition,  which  is 
evaluated  initially  on  the  basis  of  crystal  structure,  sample  morphology  and  TE  properties.  This 
requires  structure  and  homogeneity  analyses  via  XRD  (~10  min  scans)  and  TE  property 
measurements  by  PPMS/TTO  (~1  h  for  a  300  K  measurement  or  8+  h  for  a  10  -  390  K  sweep). 
These  techniques  can  be  labor  intensive  as  each  sample  must  be  prepared  and  tested  individually. 
Through  the  Combinatorial  Approach,  the  number  of  sample  compositions  on  a  4  in  wafer  grows 
substantially  to  over  200  for  patterned  samples,  and  up  to  1000+  for  natural-spread  samples.  An 
additional  challenge  using  this  approach  occurs  with  the  introduction  of  gradients,  which  adds 
two  more  variables  to  be  analyzed  for  each  sample:  elemental  composition  and  film  thickness. 
Even  with  effective  complementary  measurement  techniques,  the  sample  compositions  contained 
on  a  single  combinatorial  sample  would  take  several  months  to  analyze  by  conventional 
methods,  and  unfortunately,  no  COTS  combinatorial-specific  analysis  equipment  is  currently 
available. 

There  are  several  analyses  that  are  crucial  to  evaluating  combinatorial  libraries  in  search 
of  promising  TE  compositions,  including  crystal  structure  determinations  and  morphology 
analysis,  composition  studies,  film  thickness  determination,  and  electrical  and  thermal  property 
measurements.  Crystal  structure  and  material  morphology  are  typically  evaluated  via  XRD  and 
microscopy  techniques,  respectively.  The  importance  of  these  techniques  is  two-fold.  First,  one 
is  provided  an  initial  glimpse  at  the  multi-phase  structure  (substitutional  dopant,  secondary 
phase,  etc?).  Second,  since  individual  sample  compositions  on  a  substrate  may  not  crystallize  at 
the  same  temperature,  crystallinity  mapping  allows  us  to  identify  crystalline  regions  of  a 
combinatorial  library  and  observe  any  deposition/anneal  temperature  effects  for  eventual 
structure-property  correlations.  (Ideally  composition-spread  samples  are  solid-solutions  and  thus 
have  similar  structural  properties.)  The  Division  Bruker  D8  XRD  system  allows  for  fully 
automated,  high  precision  structure  determinations  of  the  different  compositions  that  make  up 
the  combinatorial  libraries.  These  analyses  ensure  a  greater  accuracy  when  evaluating  various 
compositions  for  enhanced  TE  behavior.  Elemental  composition  analyses  ensure  that  the 
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structures  and  TE  property  data  is  being  assigned  to  the  proper  compositions,  and  can  be 
determined  via  x-ray  fluoreseence  (XRF),  x-ray  photoeleetron  spectroscopy  (XPS),  or 
wavelength  dispersive  speetroscopy  (WDS). 

Eleetrical  resistivity  in  low-dimensional  materials  is  a  funetion  of  the  materials’  thickness 
(specifieally,  inversely  proportional),  thereby  making  film  thickness  measurements  vital  for 
accurate  TE  property  measurements.  While  it  would  be  ideal  to  assume  a  constant  film  thickness 
gradient  following  deposition,  our  large  combinatorial  film  samples  typieally  contain  thickness 
variations  depending  on  eaeh  material’s  ablation  profile.  Due  to  the  nanometer  scale  thickness 
of  our  thin  film  samples,  even  minor  variations  in  the  film  thickness  eould  result  in  large 
variations  of  the  measured  eleetrical  resistivity  and  could  drastically  alter  the  TE  property  maps 
if  left  unaceounted  for.  We  have  carefully  considered  these  aspeets  (diseussed  later)  in  our 
sample  proeessing  and  analysis  proeedures,  which  are  designed  to  be  condueted  both  quiekly  and 
cost-effeetively. 

5. 3. 2. 3  Experimental 

Aside  from  the  TE  property  measurement  methods  mentioned  earlier,  in  general,  reliable 
means  for  adequate  high  temperature  measurements  of  thin- films  are  still  deficient.  The  methods 
diseussed  are  sufficient  for  PF  determinations  for  individual  thin  film  samples,  but  are 
impraetieal  for  measurements  of  large,  eomposition-spread  samples.  We  have  designed  and  built 
a  Power  Faetor  Sereening  Instrument  (PFSI),  with  the  eapability  to  measure  these  large  samples. 
This  state-of-the-art  tool,  shown  in  Figure  5.18,  is  a  high  temperature  adaptation  of  a 
measurement  system  developed  by  our  eollaborators  at  the  National  Institute  of  Standards  and 
Teehnology  (NIST).  It  consists  of  five  main  parts:  the  sample  stage,  the  measurement  head,  the 
vacuum  chamber,  the  instrumentation  raek  and  the  eomputer.  The  wiring  diagram  is  provided  for 
completeness  in  Figure  5.18  (d).  This  fully  automated  device  is  equipped  with  two  linear 
translation  stages  and  one  vertical  translation  stage  from  Newport  Corp.  These  eontrol  the 
movement  of  the  sample  to  the  different  measurement  positions.  A  water-eooled  3”  dia.  heater  is 
mounted  on  the  translation  stages  and  can  heat  the  sample  up  to  500  °C.  The  measurement  head 
(highlighted  in  Figure  5.18  (b))  eonsists  of  a  eeramic  arm  on  an  aluminum  vertieal  support,  and 
attached  to  the  bottom  of  the  ceramic  arm  are  two  copper  blocks  which  are  designed  to  measure 
electrieal  eonduetivity  (resistivity)  and  Seebeek  coeffieient  (AVI AT)  using  four  (4)  Au-plated 
BeCu  spring  probes  as  sample  contacts.  Each  Cu  block  (detailed  in  Figure  5.18  (e))  has 
embedded  within  it  a  small  resistive  cartridge  heater  to  establish  and  maintain  a  small 
temperature  gradient  (AT).  The  heads  also  eontain  two  Pt  resistanee  temperature  deteetors 
(RTDs)  within  the  Cu  blocks,  one  for  feedback  to  the  controller  and  the  other  direetly  on  the 
spring  probe  to  measure  the  temperature  precisely  at  the  loeation  of  the  AF  measurements.  The 
spring  probes  and  thermoeouples  are  eleetrically  isolated  from  the  eopper  bloeks  and  each  other 
by  a  thin  layer  of  high  temperature  epoxy.  The  spring  probes  are  arranged  in  a  straight  line  and 
used  to  make  4  probe  resistivity  and  Seebeek  voltage  measurements. 

By  eolleeting  data  at  a  rate  of  over  150  sample  points  per  hour,  it  becomes  evident  that 
this  is  an  extremely  effective  method  for  the  rapid  identifieation  and  eharaeterization  of 
materials,  as  well  as  for  reliable  deseriptions  of  eomposition-structure-property  relationships  at 
different  temperatures.  Several  other  sereening  tools  have  been  reported,  however,  many  can 
only  be  used  for  bulk  samples,  or  up  to  ten  thin  film  samples,  and/or  are  limited  by  temperature. 

The  sample  is  manually  positioned  with  the  center  of  the  sample  under  the  measurement 
head.  The  custom-designed  software  program  is  then  used  to  input  the  sample  dimensions  and 
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the  spacing  between  the  sample  locations.  The  program  then  automatically  generates  a  field  of 
sample  locations  to  be  measured.  The  stages  move  the  sample  to  those  locations  and  take  the 
measurements.  Figure  5.19  illustrates  the  front  panel  of  the  Lab  VIEW  program  designed  to  input 
data  collection  parameters.  This  program  employs  necessary  algorithms  and  correction  factors, 
and  applies  them  to  the  measurement  process  in  real-time. 

The  cartridge  heaters  are  controlled  by  an  Omega  CN616  heater  controller.  Each  heater 
is  controlled  separately  to  allow  for  a  large  variety  of  temperatures  and  temperature  gradients 
(AT).  The  cartridge  heaters  in  the  measurement  head  are  controlled  to  a  user  specified  AT.  The 
sample  is  then  moved  into  contact  with  the  spring  probes  and  a  AT  is  allowed  to  develop  across 
the  sample.  After  a  user  specified  delay  time,  the  Seebeck  voltage  is  measured  for  a  user 
specified  time  and  the  values  averaged  to  yield  the  thermopower. 


PFSI  CotiipoiieMts 

1.  KeilWey  2400  Soiircemeler  (J23544) 

2.  Keithley  2400  Soiircemeter  (J23545) 

3.  Keithley  2400  Sourcemeter  (J25341) 

4.  Kc  ithlcy  2 1 8 1 A  Nano vo  Itmctcr  ( J2 5324) 

5.  Fluke  Thenuonieter  Readout  (J27323) 

6.  KeilHey  2000  Multimeler  (J1136) 

7.  Kxin  Lesker  Pressure  Gauge  (323693) 

8.  Vacuum  Chamber 

9.  Newport  Motion  Controller  Joystick 
10-  Vacuum  Pump 

11.  1IA400  lemperalure  Conlroller  (323758) 

12.  Newpon  Llnivei^al  Motion  Controller/Driver  Model  ESP  300  (31 8708) 

13.  HeatWave  Labs,  Inc.  Model  101303  Temperature  Controller  (J23458) 

1 4.  Po  iy  Science  Water  Chi  Llcr/C  irculator  (32 7218) 

15.  Ptx)be  Head 

1 6.  Sample 

17.  Sample  Stage 


(a) 
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(b) 


(c) 
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(d) 


Figure  5.18.  (a)  Custom  Power  Factor  Screening  Instrnment  (PFSI)  and  components,  (b)  Close-up  of  sample 
stage  and  measurement  head,  (c)  Detail  of  measnrement  head  components,  (d)  PFSI  wiring  diagram 


The  system  then  waits  the  user  speeified  time  delay  and  measures  the  resistanee  of  the 
sample.  The  resistanee  of  the  sample  is  measured  by  DC  eurrent  reversing  method.  This  sends 
a  eonstant  DC  eurrent  thru  the  sample  and  the  voltage  developed  is  recorded.  The  current 
polarity  is  then  reversed  and  the  voltage  recorded.  These  voltages  are  then  averaged  to  remove 
any  voltage  contribution  for  the  resistance  of  the  voltage  leads.  The  resistivity  is  then  calculated 
from  resistance  with  a  user  specified  thickness  value  (t)  and  a  correction  factor  is  applied  (CF). 

p  =  jX  t  X  CF  (2) 

The  correction  factor  that  is  applied  to  the  resistivity  values  accounts  for  the  thickness  of 
the  film  being  measured,  probe  spacing  and  misalignment,  probe  placement,  and  sample  size  and 
geometry.  The  correction  factor  is  then  determined  using  two  steps.  First,  the  film  thickness 
correction  factor  is  determined  assuming  an  insulating  substrate.  Then,  the  remaining  correction 
factors  are  determined  using  the  method  of  images.  Ideally,  measured  films  are  deposited  on 
substrates  that  form  insulating  boundaries.  That  is  either  the  resistivity  of  the  film  is  much  lower 
than  the  substrate  {psub  »  Pfiim)  or  the  film  and  substrate  are  of  opposite  carrier  types  (p-/n-). 
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Since  the  films  are  very  thin  (~300  nm)  when  compared  to  the  probe  spacing  (~1.5  mm),  the 
correction  factor  due  to  film  thickness  is  1,  as  shown  in  Equation  3. 


CF  =  CFry^i 


thickness 


X  CFyyQijQ  misalignment  ^  placement  ^  ^^sample  size j geometry  (3) 


CFthir 


ln(2) 


(4) 


thickness  /  sinh(t/s)  \ 
^”Vsinh(t/2s)J 

when  t/s  1,  1 


The  remaining  eorreetion  faetors  (probe  geometry,  probe  plaeement,  sample  size  and 
geometry)  are  grouped  together  as  shown  in  Equation  5.  They  ean  be  simultaneously  determined 
using  the  method  of  images. 

^P'geo  ~  ^Pprobe  misalignment  ^  placement  ^  ^^sample  size  j  geometry  (5) 

For  samples  with  a  eireular  radius  i?,  the  method  of  images  derived  by  Buehler  and  Pearson 
(shown  in  Equation  6)  was  used. 


CF 

^^geo 


=  2n  In 


r35r45r26ri6 


(6) 


r25ri5r36r46>'J 

ri2  = 


Pin/image  coordinates: 


.  f  \ 

r  image  =  — ,0i=02 

V  ^2  / 

I'^ source  (r2, 62) 

rsink  (r-2,  d^) 

(  \ 

I  image  r4  =  — ,04=03 

V  ^3  J 

(r5,05) 

(re,  06) 

For  samples  with  rectangular  geometry,  the  method  of  images  derived  by  Perloff  (shown  in 
Equation  7)  was  used  in  conjunction  with  elliptical  functions  found  in  Abramowitz  and  Stegun. 

=  (^2  -  +  (U2  -  U4y 

0.2  =  (V2  +  ^4)^  +  (U2  - 
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Cls  =  (V2  -  Vi)^  +  (U2  -  Wl)^ 

(^4  =  (V2  +  Vi)^  +  (U2  -  Ui)2 
Pi  =  (V3  -  V^y  +  (U3  -  Ui)2 
^2  =  (V3  +  ^^l)^  +  (W3  -  Wi)^ 

P3  =  (^^3  -  v^y  +  (U3  -  u^y 

P4  =  (.V3  +  V^y  +  (U3  -  U4)2 

Pin/Images  Coordinates: 

I''' source  (%  +  ivi) 

P+  (U2  +  1^2) 

P“  (U3  +  it;3) 

I~sink  (U4  +  ii;4) 
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SCAN  PLAN  ASSUMES  YOU  START  WITH  THE  PROBE  TOUCHING  THE  SAMPLE] 


EXIT 


(a) 


(b) 

Figure  5.19.  Custom  LabVIEW-generated  interface  for  (a)  designing  the  wafer  scan  and  (b)  physical  property 

data  collection 

Following  film  deposition  (via  PLD  or  rf  magnetron  sputtering),  to  prevent  unwanted 
interference  from  neighboring  compositions,  the  samples  are  sometimes  patterned  into  discreet 
units  using  standard  photolithography  techniques.  Patterned  Ni  and  Au  films,  shown  below  in 
Figure  5.20,  were  used  as  standards  to  calibration  the  PFSI.  The  use  of  gold  allows  for 
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identification  of  the  lower  limits  of  the  PFSl  measurement  capabilities.  Sample  scan  data  is 
shown  in  Figures  5.21-5.23.  Since  the  move  to  building  23  at  WPAFB,  the  PFSI  has  undergone 
a  few  modifications  and  new  standard  data  will  be  collected  along  with  data  from  newly 
generated  combinatorial  samples. 


Photolithography 

Patterning 


1  pm  Gold  deposited  on  Si  (100)  substrate 


(a) 


(b)  (c) 

Figure  5.20.  (a)  Post-deposition  processing  via  standard  photolithography  techniques  (negative  resist  NR71- 
3000)  followed  by  1pm  Au  sputtering  and  removal  of  Au  with  RR41  photoresist  remover  to  generate  discreet 
composition  units  in  the  calibration  sample.  The  same  process  was  followed  for  the  (b)  Ni  standard  sample 
and  the  (c)  Ca3(Fe,Ni, €0)409  combinatorial  ternary  sample  (with  HCl  etchant). 
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y  Position  (mm) 


(a) 


PSFI-006  (Fe-CCO/LMO  Binary) 


2000 

1900- 

1800- 

1700- 

(C) 

Figure  5.21.  (a)  €3300409  (Material  1)  -  CaMn03  (Material  3)  Binary  combinatorial  sample,  (b)  Electrical 
property  data  collected  using  PFSI.  (c)  XRD  data  from  diagonal  line  scan  from  Material  1  to  Material  2 
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-2.000 
-4.000 
-6.000 

-10.00 
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B -16.00 
-18.00 
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(b) 


Figure  5.22.  Electrical  property  data  collected  using  PFSI  of  a  500  pm  Nickel  standard  film  (non-patterned) 
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•  Sample:  (Ti-Fe-Co)  CCO  on  Si/Si02 

•  Deposition  Parameters:  100  K  Laser  shots  (10  Hz)  at  each 
position;  850  °C  (700  °C);  300  mTorr/l  atm 

•  Total  Deposition  Time:  8  h  22  m 

•  Room  Temperature  Resistance:  /?2p  ~  500  Q 

•  PFSI  Parameters: 

o  20  s  delay  for  S 
o  Jh  ~  36  °C,  Tc  ~  30  °C 
o  1  Seebeck  and  p  measurement  per  location 
o  6793  data  pts 

Figure  5.23.  Overlay  of  electrical  resistivity  short  scan  data  from  PFSI  on  optical  image  of  a  3  in  dia.  Ca3(Ti, 
Fe,  €0)409  sample  grown  on  Si/Si02.  Experiment  parameters  are  shown  helow  the  figure. 

S.J.J  Thick  and  Thin  Film  TE  Device  Fabricated  from  Oxide-based  Materials:  Design  and 
Synthesis  of  Textured  Ca-Co-O  Films 

5.3.3. 1  Introduction 


Despite  many  new  materials  discoveries  in  the  past  decade,  the  development  of  large- 
scale  TE  waste-heat  recovery  technologies  remains  extremely  challenging.  There  are  major 
challenges  in  the  areas  of  materials,  processes  and  integration.  We  have  discovered  a  method  to 
exploit  the  superior  in-plane  properties  of  textured  materials  for  TE  device  integration.  At 
present,  this  invention  to  produce  thin  and  thick  film  TE  modules  has  been  conceptualized  and  is 
now  in  the  development  phase.  Proof-of-concept  evaluations  have  been  conducted,  and  with 
further  design  improvements  and  testing,  this  invention  could  potentially  be  available  for 
commercial  purposes  within  several  years. 

Many  studies  on  low-dimensional,  high-quality  thin  film  structures,  such  as  superlattices 
based  on  Bi2Te3  and  PbTe,  have  shown  that  a  significant  increase  in  zT  could  be  achieved  by 
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reducing  dimensionality.  While  some  of  these  structures  exhibit  enhancements  in  their  electrical 
properties,  most  of  the  gains  were  attributed  to  scattering  of  phonons  at  interfaces  leading  to 
large  reductions  in  lattice  thermal  conductivity  values.  Such  low-dimensional  thin  film 
structures  are,  however,  ill-suited  to  the  demands  of  high-temperature  power  generation 
applications  that  require  long  term  thermal  and  mechanical  stability  as  well  as  efficient  coupling 
with  existing  heat  sources.  Compared  to  bulk  materials,  cross-plane  thin  film  devices  would 
require  very  high  heat  flux  densities  to  generate  significant  temperature  differentials,  while  in¬ 
plane  thin  film  devices  are  extremely  sensitive  to  thermal  shunts  from  supporting  substrates  and 
insulation  packaging. 

5. 3. 3. 2  Results  and  Discussion 

As  highlighted  earlier  in  this  chapter,  in  films  grown  on  Si  (100),  despite  the  perfect 
texture  of  Ca-Co-0,  there  is  an  interface  reaction  layer,  including  an  amorphous  region  ~  1 5  nm 
thick,  between  the  Si/Co304  layer  and  subsequent  Ca-Co-0  film  (refer  to  Figure  5.12).  In  order 
to  demonstrate  the  versatile  nature  of  the  Ca-Co-0  film  growth  mechanism,  we  purposely 
deposited  a  2  pm  thick  amorphous  layer  of  Si02  on  a  Si  substrate  by  sputtering,  then,  using  PLD, 
deposited  a  200  nm  Ca-Co-0  film.  The  growth  of  a  perfectly  textured  Ca-Co-0  film  on  the 
amorphous  Si02  was  still  observed.  Furthermore,  the  Si02  layer  remained  amorphous  even  after 
the  high-temperature  film  deposition  and  post-annealing.  HR-TEM  for  this  sample  is  shown  in 
Figure  5.24.  The  versatility  of  a  textured  Ca-Co-0  thin  film  grown  on  the  amorphous  buffer 
layer  will  be  incorporated  into  the  in-plane  TE  device  design.  Because  amorphous  Si02  is  a 
perfect  insulator,  it  will  be  used  as  the  separator  between  the  /7-type  and  «-type  oxide  materials. 


Figure  5.24.  Textured  Ca-Co-O  film  grown  on  2  pm  thick  layer  of  amorphous  SiOi 


The  objective  here  was  to  design  an  all-oxide  TE  device  with  textured  /7-type  Ca-Co-0 
grown  on  amorphous  Si02  buffered  «-type  CMO  or  Nb:STO  substrates.  The  designed  TE  power 
generator  was  built  to  significantly  and  simultaneously  increase  the  power  output  and  decrease 
the  size,  weight  of  the  entire  device.  A  schematic  of  the  fabricated  TE  device  is  shown  below  in 
Figure  5.25. 
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Figure  5.25.  In-plane  thin  film  TE  device  schematic  (not  to  scale) 


The  conceived  design  of  the  in-plane  textured  film-based  device  has  a  configuration 
similar  to  that  of  a  bulk  TE  module  shown  in  Figure  5.26,  albeit  with  significantly  longer  legs 
and  dramatically  reduced  leg  cross  sections,  and  a  miniscule  amorphous  insulating  separator. 
The  designed  device  shown  above  in  Figure  5.25  has  several  key  advantages  over  the 
conventional  design,  which  are  detailed  later  in  this  section. 


'r 


\  Oiiipur^f 
_ 


Fignre  5.26.  Ordinary  design  for  TE  power  generation  module 


For  TE  superlattice  films,  such  as  V-VI-based  superlattices,  the  zT  values  of  V-VI-based 
superlattices  can  be  measured  in  either  the  in-plane  or  cross-plane  directions.  Nevertheless,  the 
largest  enhancement  is  found  in  the  cross-plane  direction,  with  the  major  gain  coming  from  the 
thermal  conductivity  reduction  induced  by  interface  phonon  scattering.  Cross-plane  devices 
from  superlattice  films  are  mostly  used  for  sensors  [36,  37]. 

In  regards  to  the  oxide  CCO-349,  it  was  reported  that  the  electrical  conductivity  in  the  in¬ 
plane  direction  of  CCO  is  about  5-10  times  larger  than  that  of  the  out-of-plane  electrical 
conductivity.  Our  in-plane  device  design  takes  advantage  of  this  by  promoting  electronic 
transport  along  the  strongly  textured  Ca-Co-0  film  plane  to  maximize  the  TE  performance. 
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The  growth  of  the  textured  Ca-Co-0  films  on  amorphous  Si02  inspired  the  TE  deviee 
design  with  Si02  used  as  separator  between  the  p-  and  «-legs.  Si02  eombines  a  very  low  thermal 
expansion  eoeffieient,  a  low  thermal  conductivity  and  electrical  insulation,  all  of  which  is 
desirable  for  application  in  TE  devices.  It  has  remarkable  thermal  insulating  properties,  with 
thermal  conductivity  values  ranging  from  0.03  W/m»K  down  to  0.004  W/m»K  [41],  which 
correspond  to  i?-values  of  14  to  105  for  3.5  in  thickness.  By  comparison,  typical  wall  insulation 
is  13  for  3.5  in  thickness.  Additionally,  the  melting  point  of  Si02  is  high,  at  1473  K  (~1750  °C). 

For  any  conventional  thin-film  device,  the  most  daunting  task  encountered  in  the 
incorporation  of  nano-structured  thin  fdms  is  the  necessity  for  metallic  interconnections  between 
the  different  TE  components.  Therefore,  the  substrate  must  be  insulated  to  prevent  short  circuits. 
In  our  case,  the  device  comprised  of  textured  Ca-Co-0  grown  directly  onto  the  n-type  substrate 
with  Si02  as  buffer,  easily  overcomes  this  issue.  In  contrast  to  the  conventional  design  of  having 
the  />-type  leg  and  «-type  leg  fabricated  separately,  to  be  later  combined  to  form  a  device,  our 
design  allows  for  the  /7-type  material  to  be  grown  directly  onto  n-type  material,  with  a  minuscule 
amorphous  (such  as  Si02)  insulating  layer  deposited  in  between  the  /7-type  and  «-type  materials. 
This  provides  for  greater  simplicity  in  the  device  fabrication. 

For  in-plane  super-lattice-based  device  applications,  such  as  V-VI-based  superlattices, 
thermal  bypass  through  the  substrate  must  be  minimized  by  removing  the  substrate,  then 
transferring  the  superlattice  fdm  to  another  low  thermal-conductivity  substrate,  or  depositing  the 
film  directly  on  a  low-thermal-conductivity  substrate.  We  used  a  thin  Si02  layer  to  address  this 
issue,  as  it  is  electrically  insulating  and  has  an  extremely  low  thermal  conductivity.  Thus, 
thermal  shunts  from  supporting  substrates  and  insulation  packaging  is  easily  managed  for  the 
device  with  insulating  glass  silica  (Si02)  as  the  separator. 

Another  significant  challenge  is  the  thermal  management  at  both  the  hot  and  the  cold 
sides,  as  the  heat  flux  through  each  leg  can  be  as  large  as  1000  W/cm^.  Heat  spreading  by  using 
sparsely  spaced  elements  or  advanced  thermal  management  methods  will  be  necessary.  Closely 
packed  /7-type  and  «-type  oxides  will  prevent  radiated  heating  from  the  sides  of  the  /7-type  and  77- 
type  legs,  and  enhance  the  temperature  gradient  in  our  design. 

Conventional  TE  devices  have  various  specifications  for  various  applications.  The 
dimensions  can  vary  from  ~  3  mm^  by  4  mm  thick  to  ~  60  mm^  by  5  mm  thick;  the  maximum 
heat-pumping  rate  ranging  from  1  to  125  W.  Such  devices  may  contain  several  to  over  100 
thermocouples.  Typically  in  bulk-scale  TE  devices,  the  thermocouples  are  separated  by  a 
distance  of  ~  4  mm  to  ~  4  cm.  In  some  innovative  designs,  the  empty  spaces  between  the 
thermoelectric  legs  would  be  subsequently  backfilled  with  thermal  insulation  Aerogel. 

In  one  of  our  early  experiments  for  proof-of-concept,  the  2  pm  thick  Si02  buffer  served 
as  a  good  insulating  separator  between  the  /7-type  Ca-Co-0  thin  film  (300  nm)  and  77-type  Si 
substrate,  and  preliminary  results  {unpublished  data)  from  a  single  TE  unicouple  (4  mm  x  8  mm), 
using  the  homemade  measurement  system  depicted  in  Figure  5.27,  show  that  the  unicouple  can 
generate  up  to  ~  180  mV  and  ~  1  pW  by  heating  one  side  to  a  temperature  of  673  K  and 
maintaining  the  opposite  water-cooled  side  at  -320  K.  These  data  are  presented  in  Figure  5.28. 
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Figure  5.27.  Custom-built  water-cooled  power  generation  measurement  system.  {Right panel)  Close-np  of  thin 

film  nniconple  mounting  schematic 


Figure  5.28.  {Left panel)  Voltage  output  and  {Right panel)  Power  generated  from  a  thin  film  nniconple  as  a 

fnnction  of  the  temperature  gradient  across  the  sample 

We  anticipate  that  a  slightly  thicker  4  pm  silica  glass  separator  would  easily  satisfy  the 
requirements  for  electrical  insulation  and  thermal  management,  although  the  ideal  thickness  of 
SiOi  is  subject  to  study  as  well.  This  concept  alone  will  increase  the  power-per-area  and 
dramatically  decrease  the  size  of  the  TE  device. 

The  close-packing  of  the  thermocouples  will  significantly  reduce  the  length  of  the 
interconnecting  materials,  and  thus  reduce  the  weight  of  the  entire  device.  The  joins  between  the 
TE  materials  and  the  cold-side  and  hot-side  interconnect  materials  are  exposed  to  stress  during 
fabrication,  and  the  choice  of  interconnect  materials  is  critical  to  achieving  a  mechanically  stable 
thermocouple.  TE  materials  with  lower  coefficients  of  thermal  expansion  tend  to  be  more 
suitable  for  device  integration,  as  most  refractory  metals  often  used  as  interconnect  materials 
tend  to  have  relatively  low  thermal  expansion  coefficients.  Instead  of  using  4  cm  interconnect 
materials,  the  4  pm  thick  glass  silica  will  allow  for  the  minimum  size  of  interconnect  refractory 
materials,  significantly  reducing  the  weight  of  the  entire  device. 

In  short,  our  thin/thick  film  design  has  the  following  novel  aspects  that  will  significantly 
increase  the  power  and  decrease  the  size,  weight  of  the  entire  device: 

1 .  In-plane  transport  device  with  strongly  textured  /7-type  Ca-Co-0  film  for  enhanced 
energy  inter-conversion  efficiency 
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2.  Integrated  design  composed  of  strongly  textured  /'-type  materials  grown  directly  onto 
n-type  materials  for  simplicity  of  device  fabrication 

3.  Micron-sized  and  closely-packed  insulating  separator  for  better  thermal  management 
and  dramatic  reduction  of  the  overall-size  and  weight  of  the  device. 

5. 3. 3. 3  n-type  CaMnOs-based  Materials 

We  acknowledge  that  there  are  other  potential  oxide-based  TE  candidates  for  high 
temperature  applications,  and  we  extended  consideration  to  these  systems  as  well,  particularly 
with  the  goal  being  to  identify  a  suitable  n-type  material  for  TE  module  considerations.  While 
simultaneously  pursuing  enhancements  to  CCO-349,  our  plan  was  to  continue  optimizing  other 
candidates  through  doping  via  the  combinatorial  approach.  One  such  candidate  was  CaMnOs 
(CMO).  CMO  is  promising  n-type  pervoskite  oxide  for  TE  power  generators.  Similar  to  ECO,  it 
also  crystallizes  with  the  well-known  perovskite-type  structure.  We  have  made  numerous 
references  throughout  this  chapter  to  researchers’  attempts  to  control  the  nano-structures  of  bulk 
and  low-dimensional  materials  to  introduce  phonon-scattering  nano-interfaces  and,  hence,  reduce 
K  while  suppressing  a  reduction  in  the  PF  for  zT  increases.  Phase  separation,  such  as  spinodal 
decomposition  and  exsolution  to  form  thermodynamic  nano-structures  or  nano-composites,  has 
also  been  shown  effective  in  improving  the  TE  performance  of  SOA  non-oxide  materials.  On 
the  other  hand,  multiphase  nano-composite  systems  generally  result  in  a  concurrent  reduction  of 
both  the  thermal  conductivity  and  electrical  conductivity,  and  thus  exhibit  poor  efficiency  at 
operation  temperature.  However,  Cao.gYbo.iMnOs  ceramics  with  nanometer-sized  grains  have 
shown  reductions  in  thermal  conductivity  with  decreasing  grain  size  due  to  enhanced  grain 
boundary  (GB)  scattering,  while  maintaining  the  intrinsic  CMO  electrical  conductivity  behavior. 

To  begin  exploring  the  feasibility  of  nano-grain  approaches  to  synthesize  bulk  CMO,  we 
started  with  the  fabrication  of  a  nearly  100%  dense  CMO  polycrystalline  sample  with  large  grain 
size.  The  Seebeck  coefficient  of  our  n-type  CMO  bulk  sample  is  nearly  -560  pV/K  at  room 
temperature  {unpublished  data),  and  the  high  temperature  behavior  is  further  illustrated  in  Figure 
5.29.  Our  data  is  consistent  with  data  reported  from  other  CMO  bulk  studies.  This  sample  was  a 
first  attempt  at  making  the  bulk  pure  phase  CMO  without  any  post-annealing  under  flowing 
oxygen,  and  without  any  optimization  of  doping  and  grain  refinement.  The  properties  of  CMO 
are  expected  to  be  enhanced  upon  further  treatment  and  composition/structure  optimization. 
Preliminary  TEM  results  are  shown  in  Figure  5.30,  and  suggest  that  the  grain  boundaries  in  this 
as-sintered  CMO  sample  are  free  of  amorphous  or  secondary  phases.  Interestingly,  it  was  also 
shown  that  the  Ca:Mn  ratio  varies  from  one  local  region  to  another.  In  the  Mn  deficient  region, 
our  preliminary  results  show  the  distribution  of  nano-sized  domains.  Once  optimized  through 
solid-state  processing  methods,  dense  CMO  targets  will  be  prepared  for  combinatorial  PLD 
experiments  and  solid-solution  thin  film  libraries  will  be  generated  to  determine  the  optimal 
dopant  concentrations  of  Y,  Ba  and  Yb. 
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Figure  5.29.Temperature  dependence  of  electrical  resistivity  p  {top)  and  Seebeck  coefficient  S  {bottom)  for 

CMO  bulk  sample 


Figure  5.30.  Morphology  of  clean  GBs  and  nano-domains  within  the  grains  of  an  as-sintered  CMO  sample 
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5.33.4  In-plane  Film  Device:  Solution-based  Synthesis  of  Large  Scale  Textured  Ca-Co-O  on  the 
n-type  Oxide  Substrate: 

The  featured  film  device,  fabricated  by  growing  textured  Ca-Co-0  on  amorphous  SiOi, 
could  prove  to  be  a  very  significant  challenge  to  scale  up  to  meet  the  potential  needs  of  terrestrial 
waste-heat  recovery  applications  [39],  To  address  this  challenge  and  improve  the  power  of  the 
entire  device,  it  will  be  necessary  to  conduct  large  scale  synthesis  of  textured  Ca-Co-0  on  the 
amorphous-buffered  n-type  oxide  substrate  using  sol-gel  spin-coating  and  subsequent  heat- 
treatments  (experiments  are  currently  being  designed).  The  chemical  solution  sol-gel  spin¬ 
coating,  which  has  the  advantage  of  low  fabrication  cost,  easy  stoichiometry  control  and  high 
deposition  rate,  is  one  of  the  more  promising  fabrication  methods  of  oxide  films.  Depending  on 
the  application  requirements,  the  thickness  of  the  sol-gel  coatings  can  be  adjusted  in  a  wide  range 
from  less  than  1  to  several  tens  of  microns.  It  has  been  reported  that  sol-gel-processed  c-axis 
oriented  Ca-Co-O-based  thick-films  up  to  650  nm  were  successfully  grown  on  sapphire  (0001) 
substrates  [40-42].  We  will  coat  the  n-type  oxide  with  an  amorphous  SiOi  layer  2-4  pm  thick. 
Study  of  textured  thick  films  on  the  amorphous-buffered  n-type  substrate  will  proceed  by 
considering  the  following  aspects: 

1 .  Effect  of  the  sintering  temperature,  (ranging  from  650  -  800  °C),  on  the  crystal  structure, 
film  morphology  and  TE  properties.  The  nominal  composition  of  the  thick-film  will  be 
the  same  as  that  from  the  optimized  PLD  thin  film,  including  pure  Ca-Co-0,  doped  Ca- 
Co-0  and  Ca-Co-0  with  nano-inclusions 

2.  Synthesis  of  textured  thick  sol-gel  film  with  thicknesses  up  to  several  tens  of  microns. 
Single  spin-coating  and  multiple-step  coating  processes  will  be  attempted  to  achieve  a 
thick  layer  of  up  to  100  microns.  (It  is  reported  that,  depending  on  the  solvent  content  in 
the  coating  solution,  coating  thickness  can  be  varied  from  3  pm  up  to  more  than  25  pm  in 
a  single  spin  coating  step.  Thicker  layers  of  up  to  100  pm  can  be  realized  using  the  multi- 
step  coating  process.) 

3.  The  sol-gel  thick  films  will  first  be  grown  on  commercial  n-type  single  crystal  substrates 
to  optimize  the  synthesis  conditions  of  Ca-Co-0.  The  textured  thick-films,  grown  under 
optimized  growth  conditions  will  then  be  grown  on  the  SiOi-buffered  n-type  oxide 
substrate  (CMO  or  Nb:STO)  to  produce  the  all-oxide  TE  device  prototype. 

Ultimately,  evaluations  of  power  generation  and  durability  of  the  devices  and  modules 
fabricated  under  this  effort  will  be  carried  out  through  the  use  of  the  custom-designed 
measurement  system  recently  built  for  dynamic  testing  of  commercial  TE  modules.  Various  leg 
dimensions  and  film  thicknesses  will  be  considered  to  determine  optimum  device  dimensions. 

As  it  will  be  of  high  importance  to  maintain  separation  of  the  p-  and  n-legs,  the  outer  edges  of  all 
devices  will  be  polished  prior  to  measurements  to  ensure  electrical  insulation. 

We  must  also  at  this  stage  consider  additional  physical  property  measurements.  Internal 
resistance  measurements  will  be  carried  out  using  the  standard  4-probe  and  van  der  Pauw  testing 
methods.  To  minimize  contact  resistance,  Ag  and  Au  will  be  sputtered  and  annealed  prior  to 
measurements.  As  our  design  concept  calls  for  the  unicouples  to  be  stood  on  edge,  it  may  be 
necessary  to  determine  the  mechanical  strength  by  conducting  three-point  bending  tests  at  room 
temperature  and  at  maximum  operating  temperature.  Ultimately,  the  n-type  substrate  will 
provide  the  largest  contribution  to  the  device’s  mechanical  strength.  Linear  thermal  expansion 
coefficients  will  also  be  measured  during  operation. 
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5.4  Summary 


We  have  been  able  to  identify  the  unique  dopant  segregation  behavior  in  Ca3Co409 
(CCO-349)  and  determine  film  growth  initiators  and  solubility  limits  as  a  path  to  enhancing  other 
oxide-based  high-temperature  TE  materials.  With  200+  bulk  and  film  samples  synthesized  using 
various  processes,  we  have  made  considerable  progress  in  elucidating  structure-property 
relationships  in  Ca-Co-O-based  materials,  and  have  substantially  improved  the  TE  properties  of 
CCO-349  through  doping  effects. 

We  have  designed  and  built  a  SOA  Power  Factor  Screening  Instrument  (PFSl),  with  the 
capability  to  measure  the  Seebeck  coefficient  and  electrical  resistivity  simultaneously  up  to  ~ 

500  °C  for  thin  film  samples.  Useful  demonstrations  of  the  effectiveness  of  the  PFSI,  have  been 
carried  out  by  first  exploring  the  oxide-based /i-Ca3Co409/n-CaMn03  system.  Although  zT 
values  for  alloys  and  semiconductors  are  typically  higher  than  those  for  oxide-based  materials, 
oxides  are  more  desirable  for  use  in  high-temperature  power  generation  applications  for  their 
high  thermal  stability  in  air,  low  toxicity,  affordability  and  raw  material  abundance.  Perovskite 
ceramics  are  appealing  functional  materials  that  are  utilized  in  numerous  energy  conversion 
processes  due  to  their  flexible  structure  and  a  variety  of  properties.  The  very  attractive  physical- 
chemical  properties  of  perovskite-type  phases  can  be  modified  in  a  controlled  way  by  changing 
the  composition  and  crystallographic  structure  in  chemistry  synthesis  processes. 

After  discovering  the  self-assembling  behavior  of  CCO-349  on  an  amorphous  substrate, 
we  exploited  this  behavior  to  optimize  the  energy  inter-conversion  properties  of  oxide-based 
materials  by  developing  and  successfully  demonstrating  an  innovative  all-oxide  TE  device  for 
mid-to-high  temperature  power  generation  applications.  It  is  intended  that  this  invention 
generates  TE  devices,  which  are  easy  to  fabricate  and  thus  facilitate  mass  production,  with  a  high 
potential  for  use  in  large-scale  operations.  We  specifically  target  materials  for  mid-  to  high- 
temperature  power  generation  applications  that  overcome  the  traditional  barriers  faced  by  low 
dimensional  materials  during  scale-up  productions,  and  possess  the  ability  to  enhance  the 
efficiency  of  other  systems  by  waste-heat  scavenging. 

With  continued  investment  in  this  project,  the  payoffs  remain  high.  Existing  SOA  TE 
material  compositions  present  several  issues  such  as  low  efficiency,  poor  stability  at  high 
temperatures  in  air,  high  reactivity,  and  are  generally  comprised  of  rare  and/or  costly  materials. 
There  is  a  great  need  for  newer  TE  material  compositions  that  have  higher  efficiency  and  are 
economical.  Success  has  been  realized  in  low-dimensional  material  studies,  but  very  few 
transitional  demonstrations  with  oxide-based  TE  thin  films  exist.  Through  the  approaches 
presented  in  this  report,  our  team  continues  to  address  the  obstacles  faced  in  the  development  of 
high  efficiency  TE  materials. 
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6.  Magnetically  Hard/Soft  Nanocomposite  Magnets 

6. 1  Introduction 

Permanent  magnet  materials  with  room-temperature  magnetic  performance  superior  to 
the  best  NdiFe^B-based  magnets  and  with  high-temperature  magnetic  performance  superior  to 
the  best  Sm2Coi7-based  magnets  are  needed.  Since  the  magnetic  properties  of  both  magnets  have 
been  pushed  very  close  to  their  limitation,  the  maximum  energy  product  [(BH)max]  of  59  MGOe 
(theoretical  value  of  64  MGOe)  and  31  MGOe  (theoretical  value  of  39  MGOe)  for  Nd2Fei4B  and 
Sm2Coi7-based  magnets,  respectively,  new  classes  of  materials  have  to  be  studied  and  developed 
to  meet  the  higher  performance  requirement. 

Nanoscale  hard  magnetic  materials,  especially  exchange-coupled  nanocomposite 
magnets,  have  demonstrated  new  opportunities  for  development  of  future  generations  of 
permanent  magnets  [1].  Exchange-coupled  nanocomposite  magnets  consisting  of  a  hard 
magnetic  phase  that  provides  high  coercivity  and  a  soft  magnetic  phase  that  provides  high 
magnetization  have  the  potential  for  achieving  significant  enhancements  in  energy  product.  In 
order  to  take  advantage  of  the  outstanding  specific  magnetic  characteristics  of  each  component 
and  to  obtain  high  energy  product  nanocomposite  magnets,  the  hard  and  soft  phases  should  be 
coupled  through  intergranular  magnetic  exchange  interactions  [2-4].  In  order  to  obtain  high- 
energy-density  magnetic  materials,  the  bulk  magnetically  hard/soft  nanocomposite  magnets  must 
be  the  following  status:  a)  nanoscale  soft  phase;  b)  right  crystal  structure;  c)  anisotropic  bulk;  d) 
full  density.  To  date,  most  hard/soft  composite  systems  have  been  based  on  hard  phase 
components  such  as  Nd(Pr)-Fe-B,  Sm-Co  and  soft  phase  components  such  as  Fe  and  Fe-Co. 

Bulk  composite  magnets  have  been  prepared  using  compaction  techniques  such  as  hot 
pressing/deformation,  dynamic  shock  compaction,  spark  plasma  sintering,  and  warm  compaction 
[5-10].  In  this  study,  we  focused  on  investigation  of  Sm-Co/Fe  nanocomposite  magnets.  Bulk 
Sm-Co/Fe  nanocomposite  magnets  were  fabricated  by  high  energy  ball  milling  and  subsequent 
hot  pressing  techniques.  Anisotropic  Sm-Co/Fe  composite  nanoparticles  are  prepared  by 
surfactant-assisted  high  energy  ball  milling. 

6.2  Experimental 

In  order  to  obtain  SmCos  hard  magnetic  phase  and  Fe  soft  magnetic  phase  composite  in 
nanoscale,  the  DM-HP  process  was  utilized.  The  DM  procedure  is  used  to  prepare  composite 
powder  consisted  of  SmCos  amorphous  powder  and  Fe  nanoscale  crystalline  particles.  The  HP 
procedure  is  used  to  compact  the  milled  composite  powder  to  a  composite  bulk  which  consists  of 
crystallized  Sm-Co  hard  phase  and  Fe  soft  phase.  DM  means  dry  high  energy  ball  milling  which 
is  to  mill  SmCo5  and  Fe  powders  to  prepare  the  mixed  powders.  HP  means  hot  pressing  which  is 
to  compact  the  milled  mixture  to  fabricate  Sm-Co/Fe  bulks.  The  process  is  shown  in  Figure  6.1. 
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SmCog  powder 

a-Fe 

(As  cast,  <  250  ijm) 

(Spherical,  1~3  |jm) 

DM 

-HEBM  (High  Eiierg>^  Ball  Milling) 

-  BPR  (Ball  to  Powder  weight  Ratio) 

-  Milling  time 

-  Milling  atmosphere:  Ar 

gpo-Co  Fe  mixed  powder 

HP 

-  Temperature 

-  Pressure :  4  x  10^  Pa 

-  Vacuum:  10"^  torr 

^-Co/Fe  nanocomposite  bulk 

Figure  6.1.  DM-HP  process  for  preparation  of  bulk  Sm-Co/Fe  nanocomposite  magnets 


The  SmCos  alloy  was  prepared  by  are-melting.  The  ingots  were  crushed  and  ground 
down  to  less  than  250  pm  for  starting  powders.  The  soft  phase  Fe  was  a  commercial  spherical  a- 
Fe  powder  (Alfa  Aersa)  with  particle  size  of  1~3  pm.  The  SmCos  powders  were  mixed  with  a 
certain  amount  of  a-Fe  powder,  and  then  the  mixtures  of  8  g  were  milled  in  a  hardened  stainless 
steel  ball  vial  using  a  SPEX  8000  mill.  The  hardened  steel  milling  balls  had  diameters  of  4.8  - 
12.7  mm.  The  milling  parameters  such  as  powder  to  ball  weight  ratio  (BPR)  and  milling  time 
were  varied,  which  will  be  described  in  the  following  sections.  The  milled  mixture  powders  of  5 
g  were  loaded  into  a  WC  die  with  diameter  of  0.315”  in  glove  box.  Then  the  powders  were 
heated  to  the  pressing  temperature  in  an  RF  inductive  fiimace  under  vacuum  of  10'^  torr  and 
meanwhile  compacted  under  a  pressure  of  400  MPa.  The  finished  bulk  samples  were  in  the  form 
of  rods  with  diameter  of  8  mm  and  length  of  12  mm. 

6.3  Results  and  Discussion 

6.3.1  Isotropic  Sm-Co/Fe  Nanocomposite  Bulks 

6. 3. 1.1  Microstructures  and  Magnetic  Properties 

The  crystal  structure,  phase  fractions,  and  microstructure  of  bulk  samples  were 
characterized  by  x-ray  diffraction  (XRD)  with  CuKa  radiation,  scanning  electron  microscopy 
(SEM),  and  energy  dispersive  spectroscopy  (EDS).  The  magnetic  properties  at  room  temperature 
were  measured  by  a  closed-circuit  hysteresisgraph  (model  HG-700,  KJS  Associates  Inc.). 

Figure  6.2  shows  the  XRD  patterns  of  the  starting  powder  mixture  of  SmCos  +  10  wt  % 
Fe  before  milling,  after  milling  for  4  hours,  and  the  bulk  sample  pressed  at  600  °C  with  the  4  h 
milled  powder.  For  the  starting  powder,  XRD  study  shows  that  a  single  1 :5  type  structure  is 
developed  in  the  as-cast  SmCos  alloy.  After  milling  the  SmCos  powder  and  Fe  powder  mixture 
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for  4  hours,  the  original  crystalline  SmCos  phase  became  amorphous,  but  the  Fe  phase 
maintained  its  crystalline  structure.  Thus,  the  final  milled  composite  mixture  consisted  of 
amorphous  Sm-Co  and  crystalline  Fe  powder.  After  compacting  at  600  °C,  the  amorphous  Sm- 
Co  phase  crystallized  into  the  nanocrystalline  CaCuj  type  SmCos  phase  (1 :5H)  and  TbCuy  type 
SmCoy  phase  (1 :7H).  The  appearance  of  the  1:7  phase  should  be  related  to  compositional 
changes  which  may  be  a  result  of  both  milling  and  pressing  procedures.  Part  of  the  Fe  could  be 
mechanically  alloyed  with  the  Sm-Co  during  high  energy  ball  milling,  in  addition  thermal 
diffusion  between  Fe  and  Sm-Co  could  take  place  during  hot  compaction.  The  mechanical 
alloying  and  thermal  diffusion  result  in  compositional  changes  in  Sm-Co  phase.  The  bulk 
magnets  had  densities  around  8.3  ~  8.5  g/cm^,  corresponding  to  more  than  97%  of  the  theoretical 
density. 


Figure  6.2.  XRD  patterns  for  SmCos  +  10  wt  %  Fe  starting  mixture,  after  4  hours  of  milling,  and  the  bulk 

sample  after  subsequent  compaction  at  600  °C 


Figure  6.3  shows  the  SEM  back-scattered  electron  (SEM/BSE)  images  of  the  polished 
bulk  sample  with  different  magnifications.  The  images  show  that  the  Fe  particles  (black  dots)  are 
distributed  uniformly  in  the  Sm-Co  matrix  (Figures  6.3  (a)  and  6.3  (b)).  Most  of  the  starting 
spherical  Fe  particles  of  1~3  pm  were  milled  down  to  particles  of  a  few  hundred  nanometers 
with  irregular  shapes  after  milling  8  hours.  However,  several  larger  Fe  particles  with  a  few 
micrometers  in  diameter  were  distributed  randomly  within  the  Sm-Co  matrix,  shown  in  Figure 
6.3  (c).  They  have  been  deformed  but  not  broken  into  smaller  pieces.  Figure  6.3  (d)  shows  that 
the  Sm-Co  matrix  forms  a  cellular  structure.  The  cell  size  is  around  400  nm.  SEM/EDS 
investigation  on  bulk  Sm-Co/Fe  sample  is  shown  in  Figure  6.4.  Fe  exists  in  the  Sm-Co  matrix, 
and  Co  is  found  within  the  unbroken  larger  Fe  particles.  It  is  also  observed  that  there  is  more  Co 
at  the  edge  of  the  Fe  particle  (the  area  marked  as  C)  compared  to  the  center  (the  area  marked  as 
B).  Thus,  the  soft  phase  within  the  matrix  is  not  pure  Fe,  but  alloyed  with  Co.  When  Fe  enters 
the  Sm-Co  phase,  the  ratio  of  3d-elements  to  Sm  (3d/Sm)  increases,  which  leads  to  the  formation 
of  the  Sm-(Co,Fe)  1 :7  phase.  The  results  of  EDS  analysis  coincide  with  the  results  of  XRD 
analysis. 
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Figure  6.3.  SEM/BSE  images  of  bulk  Sm-Co/Fe  compacted  at  600  °C  using  8  h  milled  powder  with  a  starting 

composition  of  SmCos  +  10  wt  %  Fe 


Figure  6.4.  SEM/BSE  image  and  corresponding  EDS  patterns  for  the  bulk  Sm-Co/Fe  sample  compacted  at 

600  °C  using  8  hour  milled  powder 

Figure  6.5  shows  the  demagnetization  curves  for  the  bulk  samples.  SmCos  and  Sm-Co/Fe 
samples  were  prepared  by  hot  pressing  SmCos  DM12h  powder  and  SmCos  +  10  wt%  Fe  DM12h 
powder,  respectively.  Adding  10  wt  %  Fe  into  SmCoj,  the  magnetization  47i:M  at  10  kOe, 
remanence  Br  and  maximum  energy  product  (BH)max  are  8.9  KG,  7.79  kG,  and  12.46  MGOe, 
increased  50%,  36%,  and  58%  in  comparison  to  bulk  SmCoj  single  phase  nanocrystalline 
magnet,  respectively.  However,  the  coercivity  Hci  is  11.15  kOe,  decreased  more  than  45% 
compared  to  SmCoj  magnet.  The  smooth  curve  (no  kink  or  shoulder)  and  enhanced 
magnetization  of  the  composite  magnet  indicates  the  existence  of  the  exchange  coupling  between 
the  hard  and  soft  phases,  which  demonstrates  the  Sm-Co/Fe  composite  has  a  good  exchange 
coupling  behavior. 
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Figure  6.5.  Demagnetization  cnrves  of  bnlk  SmCos  and  Sm-Co/Fe  samples  compacted  at  600  °C  using  12  h 
milled  powder  for  starting  composition  of  SmCos  and  SmCos  +  10  wt  %  Fe 


63.1.2  Optimization  of  Processing  Parameters 

For  DM  procedure,  the  milling  parameters  sueh  as  milling  time  and  ball  to  powder 
weight  ratio  (BPR)  will  affeet  the  milled  powder  eharacters  (SmCos  amorphous  status,  Fe 
particle  size,  and  milling  diffusion  degree  between  Sm-Co  and  Fe,  etc.),  and  further  affeet  the 
magnetie  properties  of  the  composite  bulks.  For  HP  proeedure,  the  suitable  pressing  temperature 
and  pressure  are  important  to  obtain  full  dense  and  higher  magnetie  property  composite  bulks.  In 
this  study,  we  focused  on  investigating  milling  time,  BPR,  and  HP  temperature,  and  meanwhile 
the  milling  and  pressing  parameters  were  optimized. 

6. 3. 1.3  Milling  Time 

To  obtain  effective  exchange  coupling  of  magnetically  hard  and  soft  phases,  the  size  of 
the  soft  magnetic  grains  should  be  of  the  order  of  10  nm  [3],  Milling  time  is  one  of  the  important 
milling  parameters  to  reduce  the  Fe  partiele  size.  In  this  series  of  experiment,  the  starting 
composition  was  SmCos  +  10  wt  %  Fe;  the  BPR  was  fixed  at  5,  and  the  milling  time  verified 
from  2  hours  to  20  hours.  The  milled  powders  were  hot  pressed  at  the  temperatures  of  600  °C 
under  a  pressure  of  400  MPa. 

The  bulk  Sm-Co/Fe  eomposite  samples  were  tested  by  KJS  hysteresisgraph,  and  the 
magnetic  properties  are  shown  in  Table  6.1.  Figure  6.6  shows  demagnetization  eurves  of  bulk 
Sm-Co/Fe  magnets  pressed  at  600  °C  with  the  milling  time  from  2  hours  to  20  hours.  The 
demagnetization  curve  shape  showed  obvious  ehanges  as  the  milling  time  eontinued.  When  the 
milling  time  is  less  than  8  hours,  each  curve  shows  the  shape  of  a  downward  eurved  shoulder, 
which  indicated  that  big  soft  phase  particles  existed  in  the  composites  due  to  the  weak  exchange 
coupling.  The  best  squareness  of  the  demagnetization  curve  eorresponds  to  the  milling  time  of  12 
hours,  which  presented  a  single  phase  magnetie  behavior  owing  to  strong  exehange  eoupling. 

The  magnetic  properties  exhibited  a  strong  dependenee  on  the  milling  time,  shown  as  in  Figure 
6.7.  As  the  milling  time  increasing,  the  dTiM  at  10  kOe  and  the  Br  increase,  9.6  kG  and  8.32  kG 
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corresponding  to  milling  time  of  20  hours,  respectively.  The  Hci  arrives  biggest  of  16.18  kOe 
corresponding  to  the  milling  time  of  4  hours  and  then  starts  to  decrease.  The  maximum  energy 
product  (BH)max  obtains  the  highest  value  of  13.01  MGOe  corresponding  to  the  milling  time  of 
16  hours. 


Table  6-1.  Magnetic  properties  of  Sm-Co/Fe  bulk  samples  with  different  milling  time 


ID 

DM  time  (h) 

4pM  at  10  kOe  (kG) 

Br  (kG) 

Hci  (kOe) 

Hk  (kOe) 

(BH)max 

(MGOe) 

DM8 

2 

7.7 

5.59 

14.21 

0.89 

4.86 

DM9 

4 

8.1 

6.28 

16.18 

1.24 

6.62 

DM11 

8 

8.6 

7.25 

14.5 

2.17 

9.89 

DM15 

12 

8.9 

7.79 

11.15 

3.54 

12.46 

DM19 

16 

9.3 

8.26 

8.45 

2.67 

13.01 

DM20 

20 

9.6 

8.32 

6.2 

1.69 

11.65 

Figure  6.6.  Demagnetization  curves  of  bulk  Sm-Co/Fe  magnets  as  a  function  of  milling  time 
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Figure  6.7.  Magnetic  properties  of  bulk  Sm-Co/Fe  magnets  vs.  milling  time 

X-ray  diffraction  (XRD)  analyses  further  revealed  the  dependence  of  magnetie  properties 
on  the  milling  time.  Figure  6.8  shows  the  XRD  patterns  of  bulk  Sm-Co/Fe  magnets  with 
different  milling  time.  The  bulk  magnet  made  from  4  hour  milled  powder  is  consisted  of  SmCos 
phase,  SmCo?  phase,  and  Fe  phase.  As  milling  time  increasing,  the  content  of  1:5  phase  is 
decreasing,  and  the  content  of  1 :7  phase  is  inereasing,  and  meanwhile  Fe  (1 10)  peak  turns  to 
lower  and  lower.  In  comparison  of  SmCoj  phase  and  SmCoy  phase,  SmCos  has  higher  magnetic 
anisotropy  field  (Ha  ~  210-290  kOe)  and  lower  saturation  magnetization  (diiMs  ~  9.65  kG)  [11], 
and  SmCoy  has  lower  magnetic  anisotropy  field  (Ha  105  kOe)  and  higher  saturation 
magnetization  (diiMs  ~  1 1.67  kG)  [12].  Thus,  as  milling  time  increased,  less  phase  fraction  of 
SmCoj  and  more  phase  fraetion  of  SmCoy  in  the  matrix  led  to  the  decrease  of  the  coercivity  and 
the  inerease  of  the  magnetization.  The  eontent  ratio  of  SmCos  phase  and  SmCoy  phase  in  the 
bulk  magnets  is  the  determinant  of  magnetic  properties  changes. 

As  milling  time  longer,  more  Fe  alloyed  into  Sm-Co  phase,  soft  phase  left  less  and  more 
SmCoy  phase  formed  in  the  bulk.  On  the  other  hand,  Fe  particles  will  break  to  smaller  pieees  as 
milling  time  inereases,  whieh  is  expected.  However,  Fe  particle  size  deereasing  led  to  the 
speeific  surfaee  area  of  soft  phase  inereasing,  whieh  resulted  in  more  Fe  diffusing  into  the  Sm- 
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Co  matrix  during  hot  pressing.  It  is  noticed  that  Sm203  appeared  in  the  bulk  made  from  20  hours 
milled  powder  according  to  XRD  results,  which  further  resulted  in  3d/Sm  ratio  increasing  and 
Hci  decreasing. 


Figure  6.8.  XRD  patterns  for  bulk  Sm-Co/Fe  magnets  with  different  milling  time 


The  microstructures  of  bulk  samples  with  different  milling  time  were  observed  by  SEM, 
shown  in  Figure  6.9.  For  the  bulk  of  4  hours  milling,  there  were  different  sizes  of  Fe  particles:  a) 
unbroken  but  deformed  micron  scale;  b)  broken  submicron  scale  (a  few  hundred  nanometers);  c) 
nanoscale  (<  a  few  hundred  nanometers).  When  milling  time  increased  to  8  hours,  the  micron 
size  Fe  particles  still  existed,  but  the  amount  became  less.  For  the  sample  of  milling  12  hours, 
micron  size  Fe  particles  could  not  be  observed,  only  submicron/nanoscale  Fe  particles  existed. 
The  demagnetization  curve  revealed  a  good  shape  and  squareness  shown  earlier  in  Figure  6.6. 
This  result  demonstrated  when  the  Fe  particle  size  is  down  to  submicron  scale,  the  composite 
bulk  presents  a  single  phase  behavior  in  the  demagnetization  curve  and  the  exchange  coupling  is 
markedly  improved.  However,  the  milling  time  increased  to  16  hours,  Fe  particles  showed  a  little 
amount.  The  SEM  results  are  consistent  with  the  former  XRD  analyses. 
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Figure  6.9.  SEM  images  of  bulk  Sm-Co/Fe  samples  pressed  at  600  °C  using  the  powders  milled  4,  8, 12,  and 
16  hours  with  starting  composition  of  SmCos  +  10  wt%  Fe  (Magnification  5000  x) 


In  summary,  milling  time  plays  an  important  role  in  preparation  of  bulk  Sm-Co/Fe 
nanocomposite  magnets  by  DM-HP  process.  It  obviously  affects  the  magnetic  properties  and 
crystalline  structures  of  the  bulk  magnets.  Owing  to  milling  diffusion  (mechanical  alloying)  in 
the  milling  procedure  and  thermal  diffusion  in  the  hot  pressing  procedure,  increasing  milling 
time  led  to  decrease  of  the  soft  phase,  a  decrease  of  the  amount  of  SmCoj  phase,  and  an  increase 
in  the  phase  fraction  of  the  SmCo?  phase,  which  resulted  in  the  coercivity  decreasing  and  the 
magnetization  increasing.  Considering  the  demagnetization  curve  shape  and  magnetic  properties, 
the  best  milling  time  should  be  12  hours  in  the  present  study. 

6. 3. 1.4  Ball  to  Powder  Weight  Ratio  (BPR) 

For  the  high  energy  ball  milling  procedure,  the  milling  balls  impact  against  the  powder 
sample  in  the  vial  with  unusually  great  force,  which  results  in  the  Sm-Co  (brittle  material) 
powders  become  the  amorphous  status  from  the  starting  crystalline  status.  And  meanwhile,  the 
balls  and  the  powder  sample  grind  and  press  each  other,  which  results  in  the  Fe  (ductile  material) 
particles  break  down  to  submicron/nanoscale  size  from  the  staring  micron-scale  size.  During  the 
processing,  the  milling  ball  size  and  BPR  are  very  important  parameters. 

In  the  aforementioned  study,  two  size  of  ball  were  used  -  diameter  of  ‘A”  and  and 
the  BPR  was  5.  In  order  to  obtain  smaller  and  more  uniform  Fe  particles,  smaller  size  balls  were 
used  to  replace  the  part  of  the  bigger  balls.  And  same  time  BPR  was  increased  to  10  and  20,  in 
order  to  shorten  the  milling  time  due  to  milling  energy  increase.  Three  type  of  milling  ball  (A,  D, 
E)  were  utilized,  shown  in  Table  6.2.  The  starting  composition  was  SmCos  +  10  wt  %  Fe;  the 
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milling  time  was  fixed  at  8  hours.  The  milled  powders  were  hot  pressed  at  the  temperatures  of 
600  °C  under  a  pressure  of  400  MPa. 

Figures  6.10  and  6.1 1  show  the  demagnetization  curves  of  the  bulk  magnets  with 
different  BPR.  Each  curve  of  4  h  milling  has  a  shoulder,  which  indicated  there  are  still  un-broken 
micron  sized  soft  phases.  For  samples  of  8  h  milling,  the  curves  of  both  higher  BPR  of  10  and  20 
have  smooth  and  better  squareness  shape,  and  the  curve  of  BPR  of  5  still  has  a  shoulder.  This 
result  indicates  when  BPR  is  10  and  bigger,  8  h  milling  could  be  enough  to  break  down  the  soft 
phase  particles  size  from  starting  1~3  micron  to  the  submicron/nanoscale.  This  demonstrated  that 
increasing  BPR  will  strengthen  the  milling  effect  and  shorten  the  milling  time.  Figure  6.12  shows 
the  magnetic  properties  versus  BPR.  It  is  noticed  that  the  different  BPR  could  not  obviously 
affect  the  Br  and  4;iM  at  10  kG.  The  highest  values  for  Hci  and  (BH)max  were  obtained  at  the  BPR 
of  10.  Considering  all  the  properties  and  milling  time,  the  best  BPR  should  be  10  (Ball-D) 
corresponding  to  8  h  milling. 


Table  6-2.  Milling  ball  type 


Ball  size 

Type 

A  (pcs) 

D  (pcs) 

E  (pcs) 

^2”  (12.7  mm) 

2 

2 

2 

3/8”  (9.5  mm) 

10 

(6.4  mm) 

23 

46 

68 

3/16”  (4.8  mm) 

38 

88 

Total  weight  (g) 

40 

80 

160 

BPR 

5 

10 

20 

Magnetic  field  strength  (kOe) 


Figure  6.10.  Demagnetization  curves  of  Sm-Co/Fe  bulk  magnets  pressed  at  600  °C  using  the  powders  milled 

4h  with  BPR  of  5, 10,  and  20 
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Figure  6.11.  Demagnetization  curves  of  Sm-Co/Fe  bulk  magnets  pressed  at  600  °C  using  the  powders  milled 

8h  with  BPR  of  5, 10,  and  20 


Figure  6.12.  Magnetic  properties  vs.  BPR  for  Sm-Co/Fe  bulk  samples  pressed  at  600  °C  with  milling  of  8  h 


6. 3. 1.5  Pressing  Temperature 

The  pressing  temperature  is  an  important  parameter  in  HP  procedure.  If  the  temperature 
is  lower,  the  Sm-Co  amorphous  cannot  crystallize  totally  and  it  is  hard  to  obtain  dense  bulks;  if 
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the  temperature  is  higher,  the  diffusion  between  soft  phase  (Fe)  and  hard  phase  (Sm-Co)  is  easy 
to  take  place.  The  best  HP  temperature  should  be  as  lower  as  possible  in  the  premise  of  the  Sm- 
Co  crystallization  conditions.  In  this  experiment,  the  staring  composition  of  SmCos  +  Fe  10wt% 
was  selected.  The  powders  were  milled  8  hours  with  BPR  of  5  (Ball- A).  The  pressing 
temperatures  were  600  °C,  700  °C,  and  800  °C. 

The  results  of  hysteresisgraph  measurement  for  the  composite  bulk  samples  are  shown  in 
Table  6.3  and  Figures  6.13  and  6.14.  Magnetic  properties  became  worse  as  the  temperature 
increased.  The  coercivity  reduced  significantly  from  600  °C  to  800  °C,  and  the  value  was  only 
7.41  kOe  at  800  °C,  decreased  ~  50%.  The  sample  pressed  at  600  °C  possessed  the  largest  values 
of  Hci,  Br,  and  (BH)max-  For  the  three  samples,  they  had  the  same  starting  composition  and  were 
milled  with  same  conditions,  which  means  the  milled  powders  should  have  same  composition 
and  structural  status  before  pressing.  However,  after  hot  pressing,  the  value  of  47iM  at  10  kOe 
was  different  for  the  bulk  samples,  and  it  decreased  as  the  temperature  increased.  This  indicated 
the  composition  or  phase  constitution  for  bulk  magnets  should  be  changed  due  to  different 
pressing  temperature. 

In  order  to  reveal  the  effect  of  the  pressing  temperature  on  magnetic  properties,  the  bulk 
samples  were  characterized  by  SEM  and  XRD  analyses.  The  SEM/BSE  images  of  the  polished 
bulk  samples  are  shown  in  Figure  6.15.  The  soft  phase  Fe  (black)  became  less  as  the  pressing 
temperature  increased.  The  small  size  Fe  particles  almost  disappeared  at  HP  800  °C.  XRD 
analysis  obtained  the  same  results.  Figure  6.16  shows  the  Fe  (1 10)  peak  reduced  as  the  HP 
temperature  increased.  Owing  to  soft  phase  Fe  loss  at  higher  temperature  compaction,  the 
magnetization  of  the  bulk  decreased  as  previously  mentioned.  For  the  bulks  pressed  at  600  and 
700  °C,  both  hard  phase  (matrix)  is  1 :7  phase  shown  in  Figure  6.16  (A)  and  6.16  (B).  For  the 
bulk  pressed  at  800  °C,  the  matrix  consisted  of  1:7  and  2:17  phases  shown  in  Figure  6.16  (C). 
When  the  pressing  temperature  increased,  the  interdiffusion  between  the  Fe  and  Sm-Co  was 
easier  to  take  place.  After  Fe  diffused  into  the  Sm-Co  matrix,  the  z  value  of  Sm(Co,  Fe)z 
increased.  This  resulted  in  2: 17  phase  formed  for  the  bulk  pressed  at  800°C.  Due  to  2: 17  phase 
with  lower  anisotropic  field,  the  coercivity  Hci  decreased  obviously  for  the  sample  pressed  at 
800  °C  shown  in  Figure  6.13.  Thus,  600  °C  is  the  best  pressing  temperature  in  the  present 
conditions. 


Table  6-3.  Magnetic  properties  of  Sm-Co/Fe  bulk  samples  pressed  at  different  temperature 


ID 

HP  Temp 
(°C) 

4pM  at  10  kOe  (kG) 

Br  (kG) 

Hci  (kOe) 

Hk  (kOe) 

(BH)max 

(MGOe) 

DM4 

600 

8.5 

7.28 

14.61 

2.21 

9.96 

DM5 

700 

8.1 

6.92 

13.22 

2.95 

9.7 

DM6 

800 

7.5 

6.43 

7.41 

3.45 

8.8 
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Figure  6.13.  Demagnetization  curves  of  Sm-Co/Fe  bulk  samples  pressed  at  different  temperatures 


HP  temperature  (°C) 


Figure  6.14.  Magnetic  properties  of  Sm-Co/Fe  bulk  samples  vs.  HP  temperature 
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Figure  6.15.  SEM/BSE  images  of  Sm-Co/Fe  bulk  samples  with  pressing  temperature  of:  A  -HP600°C;  B  - 

HP700°C;  C  -  HP800°C 
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Figure  6.16.  XRD  patterns  of  the  starting  powder  and  Sm-Co/Fe  bulk  samples  pressed  at  different 
temperatnres:  A  -  HP  600  °C;  B  -  HP  700  °C;  C  -  HP  800  °C 


63.1.6  Effect  of  Soft  Phases  on  Magnetic  Properties 

Magnetically  hard/soft  nanocomposite  magnets  consist  of  a  hard  component  with  high 
magnetocrystalline  anisotropy  and  a  soft  component  with  high  saturation  magnetization.  The 
magnetic  properties  of  nanocomposite  magnets  derive  not  only  from  the  intrinsic  properties  of 
the  magnetic  phases  (hard  and  soft),  but  also  from  the  type,  dimensions,  content,  and  distribution 
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of  the  soft  phase.  In  this  section,  we  will  discuss  the  effect  of  soft  phase  content,  type  on 
magnetic  properties. 

The  starting  soft  phase  precursors  were  three  type  powders:  micron  Fe  -  Fe(M),  nano  Fe 
-  Fe(N),  and  micron  FeCo  powders.  Their  composition  and  particle  size  are  shown  in  Table  6.4. 
In  previous  study,  only  micron  Fe  powder  was  used.  The  objective  to  use  nano  Fe  as  precursor  is 
to  obtain  more  uniform  and  nano  sized  soft  phase.  Fe49Co49V2  as  a  soft  phase  is  because  it  has  a 
higher  saturation  magnetization.  In  this  serious  experiment,  the  DM-HP  process  parameters  are 
following:  BPR  (10,  Ball-D);  Milling  time  (8  h);  pressing  temperature  (600  °C). 


Table  6-4.  Soft  phase  precursors 


Soft  phase 

Composition 

Particle  size 

Fe(M) 

Pure  Fe 

1-3  jum 

Fe(N) 

Pure  Fe 

<  300  nm 

FeCo 

Fe49C049V2 

<10  pm 

The  effect  of  Fe  content  on  the  magnetic  properties  of  Sm-Co/Fe  magnets  was  examined. 
Figure  6.17  shows  demagnetization  curves  of  the  nanocomposite  magnets  with  different  amounts 
of  Fe  (M)  soft  phase.  As  the  Fe  content  increased,  the  magnetization  at  the  first  quadrant 
significantly  increased  and  the  coercivity  decreased.  The  opposite  trends  in  the  magnetization 
and  the  coercivity  led  to  a  peak  in  (BH)max  value  at  15  wt%  Fe  addition,  as  shown  in  the  inset  of 
Figure  6.17.  For  the  sample  with  20  wt%  Fe  addition,  magnetization  at  10  kOe  increased  by  88% 
and  Hci  decreased  by  ~  82%  in  comparison  to  the  values  of  single  phase  SmCos  (the  sample 
without  the  Fe  addition),  which  resulted  in  the  lower  (BH)max  of  8.64  MGOe.  The  optimal  soft 
phase  Fe  addition  was  determined  to  be  15  wt%  which  results  in  remanence  Br  of  8.1  kG, 
coercivity  Hci  of  10.3  kOe,  and  (BH)max  of  12.3  MGOe. 

Figure  6.18  shows  demagnetization  curves  of  the  bulk  magnets  with  Fe(M),  Fe(N),  and 
FeCo  addition.  The  same  amount  of  soft  phase,  15  wt%,  was  added  into  the  starting  powders. 

The  sample  with  FeCo  soft  phase  obtained  highest  Hci  and  a  good  squareness  curve.  The 
saturation  magnetization  of  Fe49Co49V2  (24.5  kG)  is  higher  than  that  of  pure  Fe  (21.6  kG). 
However,  the  magnetization  at  the  first  quadrant  of  the  sample  with  FeCo  addition  is  lower  than 
that  with  Fe  addition.  It  is  noticed  that  nano  Fe  (Fe(N))  addition  did  not  make  a  significant 
improvement  for  the  demagnetization  curve  shape  and  properties  compared  to  micron  Fe 
(Fe(M))  addition. 

The  microstructure  of  the  bulk  samples  was  observed  by  backscattered  electron  (BSE) 
imaging  in  SEM,  shown  in  Figure  6.19.  For  the  bulk  sample  with  the  precursor  of  micron  Fe 
(Figure  6.19  (a)),  lots  of  Fe  particles  uniformly  distributed  in  the  matrix  with  separate  particles. 
Most  particle  size  was  less  than  a  few  hundred  nanometers.  However,  a  few  microscale  particles 
still  existed  because  they  have  not  totally  broken  into  small  pieces  during  the  milling.  For  the 
sample  with  nanoscale  Fe  as  precursor  (Figure  6.19  (b)),  only  a  few  Fe  particles  (<  100  nm) 
scattered  in  the  matrix.  For  the  bulk  sample  with  microscale  FeCo  precursor  (Figure  6.19  (c)),  it 
was  hard  to  find  any  FeCo  particles  within  the  entirety  of  sample.  XRD  analysis  for  the  milled 
powders  and  the  bulk  samples  are  shown  in  Figure  6.20.  For  the  bulk  sample  with  Fe(M) 
addition,  the  diffraction  peaks  indicated  TbCuy  type  Sm-Co  1:7  and  Fe  phases  exist.  For  the  bulk 
samples  with  Fe(N)  and  FeCo  addition,  all  of  the  diffraction  peaks  were  determined  to  be  Sm-Co 
1 :7  phase,  and  there  was  no  soft  phase  peak,  which  matches  with  the  SEM  results.  Even  there 
were  a  few  tiny  Fe  particles  according  to  SEM  observation  for  Fe(N)  addition,  the  Fe  content  in 
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the  Sm-Co/Fe  bulk  should  be  lower  than  5  wt%.  XRD  patterns  for  the  milled  powder  of  Fe(N) 
addition  showed  Fe  peak  existence  (Figure  6.20  (a)),  the  most  amount  of  Fe  loss  should  carry  out 
in  the  procedure  of  hot  compaction  owing  to  thermal  diffusion.  For  the  starting  composition  of 
SmCoj  +  15  wt%  FeCo,  the  soft  phase  peak  was  not  present  for  the  as-milled  powder,  which 
indicates  that  the  FeCo  soft  phase  did  not  exist  in  the  milled  powder  before  compaction  and  it 
should  be  mechanically  alloyed  into  the  hard  phase  after  milling  of  8  hours.  Figure  6.21  shows 
XRD  patterns  of  as-milled  powders  with  different  milling  time.  The  soft  phase  FeCo  diffraction 
peak  was  present  up  to  only  4  hours  of  milling.  The  results  indicate  that  FeCo  powder  is  more 
readily  mechanically  alloyed  with  the  Sm-Co  phase  during  the  milling  procedure.  Although  the 
Fe49Co49V2  soft  phase  has  a  higher  saturation  magnetization,  it  is  not  suitable  as  a  soft  phase  in 
the  present  process. 


Figure  6.17.  Demagnetization  curves  of  bulk  Sm-Co/Fe  magnets  with  different  amount  of  Fe(M)  addition  and 

maximum  energy  product  vs.  Fe  content  (inset) 
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Magnetization  (kG 


Magnetic  field  strength  (kOe) 


Figure  6.18.  Demagnetization  curves  of  Sm-Co/Fe  bulk  magnets  with  starting  composition  of  SmCos  +  15 

wt%  soft  phase  (Fe(M),  Fe(N),  and  FeCo) 
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(a)  Starting  powder:  SmCos  +  15  wt%  Fe(M) 


(b)  Starting  powder:  SmCos  +  15  wt%  Fe(N) 


Figure  6.19.  SEM/BSE  images  for  Sm-Co/Fe  bulk  samples  with  different  soft  phase  precursor 
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Figure  6.20.  XRD  patterns  for  as-milled  powders  (a)  and  bulk  samples  (b)  with  starting  composition  of 

SmCos  +  15  wt%  Fe(M),  Fe(N),  and  FeCo 
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Figure  6.21.  XRD  patterns  for  as-milled  powders  with  the  starting  composition  of  SmCos  +  15  wt%  FeCo 

after  milling  for  2, 4, 6,  and  8  hours 


6.3.2  Anisotropic  Sm-Co/Fe  Nanocomposite  Particles 

In  our  previous  research,  bulk  Sm-Co/Fe  nanocomposite  magnets  were  obtained  by  using 
DM-HP  process.  The  nanoscale  soft  phase  Fe  distributed  uniformly  in  the  nanograin  hard  phase 
Sm-Co  matrix  and  the  magnetic  properties  of  composite  bulk  magnets  improved  significantly 
comparison  to  the  single  hard  phase  bulk  magnets.  However  the  magnetically  hard/soft 
nanocomposite  bulks  are  isotropic  magnets,  which  could  not  reach  the  higher  magnetization 
value.  To  develop  nanocomposite  magnets  with  high  energy  product,  nanocomposite  magnets 
should  possess  high  degree  of  anisotropy.  Using  wet  high  energy  ball  milling  with  surfactant- 
assistance  (WM)  process,  anisotropic  single  phase  SmCos  nanoflake  powders  were  successfully 
prepared  in  recent  years  [13,  14],  In  this  study  the  WM  technique  was  utilized  to  prepare 
magnetically  anisotropic  Sm-Co/Fe  composite  particles  in  order  to  develop  high  performance 
composite  magnets. 

The  starting  alloys  for  WM  were  isotropic  Sm-Co/Fe  composite  bulk  precursors. 
Precursor  A  was  a  nano-structural  composite  of  nano-crystallite  Sm-Co  (1:5  and  1 :7  phases) 
matrix  and  submicron  and  nanoscale  Fe  particles.  Precursor  B  was  a  micro- structural  composite 
of  micro-crystallite  SmCoj  matrix  and  micron  Fe  particles.  The  former  was  prepared  by  dry  high 
energy  ball  milling  (DM)  of  SmCos  and  Fe  powders,  and  the  latter  was  prepared  by  low  energy 
ball  milling  (BM)  of  SmCos  and  Fe  powders.  Both  milled  mixtures  of  Sm-Co  and  Fe  were  hot 
pressed  to  form  the  composite  bulks  and  subsequently  crushed  to  a  powder  form  as  the  starting 
materials  for  WM. 

6.3.2. 1  Sm-Co/Fe  Nanocomposite  Particles  Prepared  by  Precursor  A 

The  Precursor  A  for  WM  was  obtained  by  using  dry  high  energy  ball  milling  (DM)  and 
subsequent  hot  pressing  (HP)  the  milled  powder.  So  the  composite  particle  preparation  process 
was  named  DM-WM  process,  which  is  shown  in  Figure  6.22.  The  SmCos  powders  were  mixed 
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with  15  wt  %  a-Fe  powder,  and  then  the  mixtures  were  milled  by  DM  with  ball  to  powder 
weight  ratio  of  10  and  milling  time  of  8  hours  using  a  SPEX  8000  mill.  Then  the  milled  Sm-Co  + 
Fe  powders  were  hot  pressed  with  a  pressure  of  400  MPa.  In  order  to  obtain  composite  bulks 
with  different  size  grain,  the  pressing  temperature  varied  from  650  to  940°C.  And  another 
method  to  obtain  large  grain  bulk  was  used  as  heat  treatment  (HT),  which  process  was  the  bulk 
samples  pressed  at  650°C  were  hold  at  650,  750,  850,  and  950  for  10  minutes.  The  bulk 
precursors  were  crushed  into  coarse  powders  under  250  pm  for  WM  starting  powders.  This  WM 
was  carried  out  for  1  hour  in  a  hardened  stainless  steel  vial  using  SPEX  8000  mill.  Ball  to 
powder  weight  ratio  was  0.8.  The  size  of  milling  ball  was  3/32”  (2.38  mm).  Heptane  and  oleic 
acid  was  used  as  the  solvent  and  the  surfactant  with  60  wt%  and  30  wt%  of  the  starting  powders 
(4.5  g),  respectively.  After  milling,  the  slurry  powder  was  rinsed  with  acetone  and  vacuum  dried 
for  further  material  characterizations.  Epoxy  samples  were  fabricated  by  mixing  the  milled 
powder  with  an  epoxy  binder  and  then  magnetically  aligning  using  10  T  pulse  field  before 
curing. 


Figure  6.22.  DM-WM  process 


For  the  composite  bulks  pressed  at  650  ~  940  °C,  their  demagnetization  curves  are  shown 
in  Figure  6.23.  As  HP  temperature  increased,  47iM  at  10  kOe  and  Br  decreased,  which  was 
resulted  in  soft  phase  Fe  loss  due  to  interdiffusion  between  Fe  and  Sm-Co  under  the  higher 
temperature.  The  Hci  obtained  the  largest  value  at  700  °C,  and  then  it  went  down  as  temperature 
increased,  which  should  be  related  with  grain  growth  and  Sm2Coi7  phase  formation.  Four  bulk 
samples  with  pressing  temperature  of  650,  750,  850,  and  940  °C  were  selected  as  WM 
precursors.  Figure  6.24  shows  the  SEM  images  for  the  as-milled  powders.  The  particles 
presented  plate-like  shape  with  size  of  1  -  2  pm  in  thickness  and  1  -  5  pm  in  width.  The 
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magnetically  aligned  epoxy  samples  of  milled  composite  powders  were  measured  by  the  KJS 
Hystersis  graph  along  both  parallel  ( // )  and  perpendicular  (-L)  to  the  magnetic  aligning 
direction.  Figure  6.25  shows  the  demagnetization  curves  with  hard  and  easy  directions.  For  the 
precursor  with  HP  at  650  °C,  the  easy  direction  remanence  Br||  is  close  to  the  hard  direction 
remanence  Bn;  for  the  precursor  with  HP  at  850  °C,  the  difference  of  two  remanence  values 
became  larger,  which  indicated  the  powders  had  anisotropic  magnetic  behavior. 

The  degree  of  anisotropy  (DOA)  is  described  by  the  following  equation:  DOA  =  (Br||-Brx 
)/Br||.  For  the  isotropic  magnet,  DOA  =  0  with  Br//  =  Bn;  for  the  ideal  anisotropic  magnet,  DOA 
=  1  with  Brx  =0.  Figure  4.26  shows  the  DOA  versus  pressing  temperature.  DOA  obtained  the 
maximum  value  of  0.23  at  HP  temperature  of  850  °C.  But  the  lower  value  indicated  the 
anisotropic  behavior  of  the  particles  was  still  weak. 


SmCo4.7+Fe(M)15%  Bulk 

Ball-D  M8h 
Press-I 


-10  -8-6^-2  0  2  4  6 

Magnetic  field  strength  (kOe) 


10 


Figure  6.23.  Demagnetization  curves  of  bulk  Sm-Co/Fe  magnets  pressed  at  different  temperature 


129 

Approved  for  public  release;  distribution  unlimited. 


(a)  Precursor  pressed  at  650  °C 


(b)  Precursor  pressed  at  850  °C 

Figure  6.24.  SEM  images  of  the  milled  Sm-Co/Fe  particles  prepared  with  precursors  pressed  at  650  °C  (a) 

and  850  °C  (b) 
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Magnetization  (kG  ,  Magnetization  (kG 


Magnetic  field  strength  (kOe)  Magnetic  field  strength  (kOe) 

(a)  Precursor  pressed  at  650  °C  (b)  Precursor  pressed  at  750  °C 


Magnetic  field  strength  (kOe)  Magnetic  field  strength  (kOe) 

(c)  Precursor  pressed  at  850  °C  (d)  Precursor  pressed  at  940  °C 

Figure  6.25.  Demagnetization  curves  of  Sm-Co/Fe  particle  epoxy  samples  tested  along  both  parallel  (||)  and 

perpendicular  (1)  to  the  magnetic  aligning  direction 
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0.3 


Figure  6.26.  Degree  of  anisotropy  vs.  pressing  temperature 

For  the  composite  bulks  pressed  at  650  °C  and  subsequently  heat  treated,  their 
demagnetization  curves  are  shown  in  Figure  6.27.  The  magnetic  properties  reduced  for  higher 
HT  temperature,  which  results  are  same  as  that  of  pressing  at  higher  temperature.  After  the  bulk 
precursors  were  milled  to  composite  particles  by  WM,  the  magnetically  aligned  powder  epoxy 
samples  were  prepared.  KJS  test  results  are  shown  in  Figure  6.28.  The  demagnetization  curves 
for  two  directions  (easy  -  parallel  and  hard  -  perpendicular)  presented  a  little  difference.  Figure 
6.29  shows  the  DOA  depending  on  heat  treatment  temperature.  DOA  value  was  verified  from 
0.14  a  650  °C  to  0.19  at  850  °C,  which  indicated  the  powders  had  weaker  anisotropic  behavior. 

According  to  our  previous  studies,  the  bulk  Sm-Co/Fe  precursor  had  polycrystalline 
structure  with  a  nanoscale  grain  size.  As-milled  particles  with  particle  size  of  1  -  5  pm  were 
multigrain  particles,  which  is  hard  to  be  aligned  in  a  magnetic  field.  So  the  milled  composite 
powders  presented  a  weak  anisotropic  behavior.  Increasing  HP  temperature  and  HT  temperature 
intended  to  make  Sm-Co  grain  growth  to  obtain  larger  grain  precursors,  however  the  effect  was 
insignificant.  And  meanwhile,  increased  temperature  resulted  in  lower  magnetic  properties  of  the 
composite  precursors.  XRD  results,  shown  in  Figure  6.30,  demonstrated  the  soft  phase  Fe 
decreased  and  Sm2Coi7  existed  and  increased  for  higher  HP  and  HT  temperature.  Thus,  isotropic 
Sm-Co/Fe  composite  bulks  prepared  by  DM-HP  are  not  suitable  for  WM  precursors  to  prepare 
anisotropic  composite  particles. 


132 

Approved  for  public  release;  distribution  unlimited. 


Magnetic  field  strength  (kOe) 


Figure  6.27.  Demagnetization  curves  of  bulk  Sm-Co/Fe  magnets  pressed  at  650  °C  with  different  heat 

treatment  (HT)  temperature  for  10  min 
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(a)  Precursor  HT  at  650  °C 


(b)  Precursor  HT  at  750  °C 


Magnetic  field  strength  (kOe)  Magnetic  field  strength  (kOe) 


(c)  Precursor  HT  at  850  °C. 


(d)  Precursor  HT  at  950  °C. 


Figure  6.28.  Demagnetization  curves  of  Sm-Co/Fe  particles  epoxy  samples  tested  along  both  parallel  (||)  and 

perpendicular  (1)  to  the  magnetic  aligning  direction 
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Figure  6.29.  Degree  of  anisotropy  vs.  heat  treatment  temperature 
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(a)  Precursor  pressed  at  different  temperatures 
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(b)  Precursors  pressed  at  650  °C  and  HT  at  different  temperatures 

Figure  6.30.  XRD  patterns  for  Sm-Co/Fe  composite  bulk  precursors  prepared  by  DM-HP  process:  (a)  Pressed 

at  650-940  °C;  (b)  Pressed  at  650  °C  and  HT  at  650-950  °C 
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6.3. 2.2  Sm-Co/Fe  Nanocomposite  Particles  Prepared  by  Precursor  B 

As  mentioned  above,  nanograin  composite  precursor  produced  the  composite  particles 
with  a  weak  anisotropy.  The  effort  was  made  to  prepare  micrograin  Sm-Co/Fe  precursors  (B)  in 
this  study.  The  Precursor  B  for  WM  was  prepared  by  using  low  energy  ball  milling  (BM)  and 
subsequent  hot  pressing  (HP)  the  milled  powder.  This  process  was  named  BM-WM  process, 
which  is  shown  in  Figure  6.31.  The  SmCos  powders  were  mixed  with  15  wt  %  a-Fe  powder,  and 
then  the  mixtures  were  milled  by  low  energy  ball  milling  with  BPR  of  20,  acetone  medium,  and 
milling  time  of  4  hours  using  a  roller  ball  mill.  Then  the  milled  Sm-Co  +  Fe  powders  were  hot 
pressed  at  650  °C  with  a  pressure  of  400  MPa.  The  bulk  precursors  were  crushed  into  coarse 
powders  under  250  pm  for  WM  starting  powders.  This  WM  was  carried  out  for  1  hour  in  a 
hardened  stainless  steel  vial  using  SPEX  8000  mill.  Ball  to  powder  weight  ratio  varied  from  0.8 
to  10.  The  size  of  milling  ball  was  3/32”  (2.38  mm)  for  BPR  of  0.8  -  4,  and  bigger  balls  3/8” 
(9.5  mm)  and  %”  (6.4  mm)  were  used  for  BPR  of  10.  Heptane  and  oleic  acid  was  used  as  the 
solvent  and  the  surfactant  with  60  wt%  and  30  wt%  of  the  starting  powders  (4.5  grams), 
respectively.  After  milling,  the  slurry  powder  was  rinsed  with  acetone  and  vacuum  dried  for 
further  material  characterizations.  Epoxy  samples  were  fabricated  by  mixing  the  milled  powder 
with  an  epoxy  binder  and  then  magnetically  aligning  using  10  T  pulse  field  before  curing,  which 
were  used  for  hysteresisgraph  measurement  and  XRD  analysis. 


Figure  6.31.  BM-WM  process 

Figure  6.32  shows  the  morphology  of  the  BM  mixed  powder  before  compaction,  which 
revealed  that  SmCos  was  irregular  shapes  with  the  size  of  1-10  pm  and  Fe  was  still  kept  the 
staring  spherical  shape  and  the  size  of  1-3  pm  and  uniformly  distributed  in  the  SmCoj  particles. 
Bulk  SmCos  ingot  has  a  polycrystalline  structure  with  a  grain  size  in  the  range  of  40-  100  pm 
[15].  The  as-milled  SmCoj  powder  was  composed  of  single  crystal  microparticles  since  it  was 
milled  by  low  energy  ball  milling.  Thus,  Precursor  B  bulk  should  be  consisted  of  micrograin 
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SmCos  matrix  and  micron  scale  Fe  particles,  and  it  is  a  mierocrystalline  structure.  The 
demagnetization  curves  of  Sm-Co/Fe  composite  bulk  (Precursor  B)  and  Sm-Co  bulks  are  shown 
in  Figure  6.33.  Adding  soft  phase  obviously  inereased  magnetic  moment.  Both  bulks  had  lower 
coereivity  (2.3  kOe  for  SmCoj  and  2.06  kOe  for  Sm-Co/Fe)  due  to  the  micron  size  grain.  After 
crushing  the  composite  bulk  and  wet  milling,  Sm-Co/Fe  eomposite  powders  were  fabrieated. 


Figure  6.32.  SEM  images  of  Sm-Co  +  Fe  mixed  powders  milled  4h  by  BM 


Magnetic  field  strength  (kOe) 

Figure  6.33.  Demagnetization  curves  of  Sm-Co  and  composite  Sm-Co/Fe  bulk  magnets  pressed  at  650  °C 


Figure  6.34  shows  the  morphology  of  Sm-Co/Fe  eomposite  particles  milled  with  ball  to 
BPR  of  0.8,  1,  2,  4,  and  10.  For  all  the  powders,  the  particles  agglomerated  to  around  10  pm 
cluster,  which  could  minimize  their  surface  energy.  The  shape  of  single  particle  presented  from 
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plate-like  to  flake-like  as  BPR  increased.  The  thickness  of  the  particle  varied  from  around  1 
micron  to  tens  nanometer.  For  the  powders  milled  with  BPR  of  0.8  and  1  (Figures  6.34  (a)  and 
6.34  (b)),  the  single  particle  presented  plate  shape  with  thickness  of  ~  1  pm.  For  the  powders 
milled  with  BPR  of  2  (Figure  6.34  (c)),  the  powders  were  consisted  of  plate  and  flake  particles 
with  the  thickness  of  500  -  800  nm.  For  the  powders  milled  with  BPR  of  4  and  10,  all  the 
particles  showed  flake  shape  with  the  thickness  of  200  -  400  nm  and  tens  -  100  nm,  respectively. 
As  the  BPR  increased,  the  particle  thickness  varied  from  micron  scale  to  nanoscale,  however  the 
width  for  all  particles  still  kept  almost  same  size  of  around  1  ~  5  pm,  which  means  the  ratio  of 
width  (length)  /  thickness  increased.  Since  the  grain  size  of  the  precursor  was  1-10  pm,  the 
milled  particles  (tens  nm  -  1  pm  in  thickness  and  1-5  pm  in  length)  should  be  single  crystal  or 
multigrain  crystal  with  two  or  several  grains. 

Figure  6.35  shows  the  demagnetization  curves  for  epoxy  samples  of  Sm-Co/Fe  powders 
prepared  with  different  BPR,  tested  along  both  parallel  (//)  and  perpendicular  ( -L )  to  the 
magnetic  aligning  direction.  The  two  curves  for  sample  prepared  with  BPR  of  0.8  revealed  a  big 
difference  (Figure  6.35  (a)),  and  the  DOA  value  was  0.64,  which  demonstrated  the  powders  had 
a  good  anisotropic  behavior.  For  the  pure  SmCos  powders  milled  with  same  WM  parameters 
which  precursor  was  prepared  with  same  process  (BM-HP),  the  demagnetization  curves  were 
showed  in  Figure  6.35  (a)  insert,  and  the  DOA  value  was  0.63.  This  indicated  that  the  soft  phase 
existence  in  Sm-Co/Fe  composite  could  not  obviously  affect  the  anisotropic  behavior.  However, 
the  downward  shoulder  curve  ( // )  revealed  bad  exchange  coupling  between  hard  phase  and  soft 
phase  due  to  micron  size  of  soft  phase.  As  BPR  increased,  the  two  direction  curves  tended  to 
close,  and  the  DOA  value  dropped  to  0.41  for  the  BPR  of  10.  Figure  6.36  shows  the  degree  of 
alignment  versus  BPR.  The  value  of  degree  of  alignment  decreased  as  BPR  increased,  which 
indicated  the  anisotropic  behavior  became  weaker. 

Figure  6.37  shows  XRD  patterns  for  Sm-Co/Fe  composite  powders  milled  with  BPR  of  0.8 
along  perpendicular  and  parallel  to  magnetically  aligning  direction  (SmCos  patterns  as 
reference).  For  the  patterns  along  the  direction  perpendicular  to  the  alignment  field,  peaks  (001) 
and  (002)  increased  and  peak  (111)  decreased,  which  revealed  the  powder  with  a  strong  [001] 
out-of-plane  texture.  For  the  patterns  along  the  parallel  direction,  peaks  (110)  and  (200) 
increased  and  peak  (111)  decreased,  and  meanwhile,  Fe  peak  (110)  changed  to  relatively  higher. 
The  results  demonstrated  the  particles  show  a  strong  anisotropic  behavior.  Figure  38  shows  XRD 
patterns  of  Sm-Co/Fe  particles  milled  with  different  BPR  along  the  direction  perpendicular  to  the 
alignment  field.  With  increasing  the  ball  to  powder  weight  ratio  from  0.8  to  10,  the  relative 
intensity  of  peak  (002)  decreased  obviously.  The  I002/I111  values  are  5.28,  3.67,  1.94,  and  1.82  for 
the  BPR  of  0.8,  1,  4,  and  10,  respectively.  This  indicated  a  decreased  degree  of  structural 
anisotropy  as  the  BPR  increased.  The  results  should  be  related  with  SmCos  crystalline  changes  in 
milling.  For  high  energy  ball  milling,  some  defects  such  as  dislocations  can  form  during  milling 
procedure  [16,  17],  and  dislocation  density  increases  with  longer  milling  time  or  higher  milling 
energy.  As  BPR  increased,  the  finer  particles  (or  thinner  flakes)  could  form  polycrystalline 
structure  [18].  The  polycrystalline  nanoflakes  will  not  carry  out  perfect  rotation  during  magnetic 
alignment.  So  nanoscale  powders  milled  with  larger  BPR  had  weaker  anisotropy.  Similar  results 
were  obtained  for  single  phase  SmCos  flakes  [19]. 
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(a)  BPR-0.8 


(b)  BPR-1 


(c)  BPR-2 
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(d)  BPR-4 


(a)  BPR-10 

Figure  6.34.  SEM  images  for  Sm-Co/Fe  composite  particles  milled  Ih  with  different  BPR  by  WM 
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Magnetic  field  strength  (kOe) 


(c)  BPR-2 


Magnetic  field  strength  (kOe) 


(d)  BPR-4 
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(e)  BPR-10 

Figure  6.35.  Demagnetization  curves  of  Sm-Co/Fe  powder  epoxy  samples  tested  along  parallel  (||)  and 
perpendicular  (1)  to  the  magnetic  aligning  direction.  (Insert  is  demagnetization  curves  of  SmCos  particles 

prepared  with  same  process) 


BPR 


Figure  6.36.  Dependence  of  degree  of  anisotropy  of  Sm-Co/Fe  particles  on  BPR 
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Figure  6.37.  XRD  patterns  of  SmCos  as-cast  random  powders,  Sm-Co/Fe  as-milled  random  powders  and 
aligned  powders  prepared  with  BPR  of  0.8  (1  aligned  -  X-ray  detected  surface  perpendicular  to  magnetic 
aligning  direction;  ||  aligned  -  X-ray  detected  surface  parallel  to  the  magnetic  aligning  direction  during  epoxy 

sample  preparation) 
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Figure  6.38.  XRD  patterns  of  Sm-Co/Fe  powder  (milled  with  different  BPR)  epoxy  samples  (X-ray  detected 
surface  perpendicular  to  magnetic  aligning  direction  in  epoxy  sample  preparation) 


In  summary,  anisotropic  Sm-Co/Fe  composite  particles  were  prepared  by  using  isotropic  bulk 
Sm-Co/Fe  composite  magnets  as  precursor  and  WM  process.  The  crystalline  structure  and  grain 
size  of  the  starting  composite  (precursor)  is  the  dominating  factor  for  the  attainable  degree  of 
anisotropy  in  milled  composite  particles.  The  nano-structured  Sm-Co/Fe  composite  precursor 
resulted  in  particles  with  stronger  exchange  coupling  and  lower  anisotropy,  and  the  micron  size 
composite  precursor  produced  particles  with  higher  magnetic  anisotropy  and  weaker  exchange 
coupling. 

6.4  Summary 

Bulk  Sm-Co/Fe  nanocomposite  magnets  were  fabricated  by  hot  pressing  composite 
powders  prepared  by  high  energy  ball  milling  of  SmCoj  powder  and  Fe  powder.  The  bulk 
magnets  had  a  nanocomposite  structure  consisting  of  Sm-Co  matrix  (1 :5H  and  1 :7H  phases)  and 
Fe  phases,  and  the  soft  phase  particles  were  distributed  uniformly  in  the  Sm-Co  matrix.  This 
nanocomposite  magnet  increased  58%  in  maximum  energy  product  compared  to  that  of  bulk 
single  phase  nanocrystalline  SmCos  magnet  prepared  by  the  same  process. 

Anisotropic  Sm-Co/Fe  composite  particles  were  prepared  by  surfactant-assisted  high 
energy  ball  milling  using  isotropic  Sm-Co/Fe  bulks  as  precursors.  The  resulted  composite 
particles  had  plate-like  or  flake-like  shapes  with  the  size  of  tens  nm  -  1  pm  in  thickness  and  1-5 
pm  in  width,  depending  on  the  precursor  type  and  milling  parameters.  The  nano-structured  Sm- 
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Co/Fe  precursor  resulted  in  composite  particles  with  lower  anisotropy,  and  the  micron  size 
composite  precursor  produced  particles  with  higher  magnetic  anisotropy. 
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7.  Development  of  Hard-Soft  Bulk  Nanocomposite  Magnets 

7.1  Introduction 

Uprising  need  for  higher  performance  and  improved  reliability  of  future  air  and  space 
vehicles  for  the  AF  mission  requires  development  of  new  more  efficient  and  lightweight 
mechanical  and  electrical  components  able  to  function  well  at  adverse  conditions  such  as 
elevated  temperatures  and  high  mechanical  stresses.  Permanent  magnets  play  the  key  role  in 
design  of  power  conversion  and  energy  generating  units  used  in  military  aircraft,  therefore 
magnetic  materials  with  superior  properties  to  the  current  state-of-art  magnets  are  required. 

Performance  of  a  permanent  magnet  is  characterized  by  its  maximum  energy  product 
(BH)max,  which  depends  on  the  magnetic  coercivity  and  saturation  magnetization  of  the  material. 
Development  of  a  magnet  with  higher  BHmax  product  will  lead  to  the  increased  performance  as 
well  as  reduced  size  and  weight  of  the  essential  aircraft  components.  Magnetic  materials  retain 
their  properties  within  certain  temperature  range  limited  by  the  Curie  temperature  7c,  which  is 
specific  for  each  material  composition.  Expanding  the  working  temperature  range  by  engineering 
new  materials  exhibiting  higher  7c  will  result  in  prolonged  lifetime  and  improved  reliability  of 
the  magnetic  components  of  the  aircraft.  In  addition,  such  materials  with  better  temperature 
stability  will  require  less  power  and  service  equipment  used  for  the  component  cooling. 

In  the  past  several  decades  the  primary  materials  for  permanent  magnet  manufacturing 
were  Sm2Coi7-based  and  NdiFe^B-based  alloys  owning  to  their  superior  magnetic  strength 
originating  from  intrinsic  anisotropy  of  the  crystal  lattice.  Maximum  energy  products  (BH)max  of 
3 1  MgOe  and  59  MGOe  have  been  achieved  in  Sm2Coi7  and  Nd2Fei4B  systems  respectively  by 
optimization  of  the  chemical  composition  and  metal  grain  structure.  However,  these  numbers  are 
approaching  the  corresponding  theoretical  energy  product  limits  of  39  and  64  MGOe  for 
Sm2Coi7  and  Nd2Fei4B,  therefore  in  order  to  meet  the  higher  performance  requirements  new 
classes  of  permanent  magnet  materials  have  to  be  studied  and  developed. 

A  promising  new  class  of  permanent  magnets  is  an  exchange-coupled  nanocomposite 
material,  which  consists  of  two  ‘hard’  (high  coercivity)  and  ‘soft’  (large  saturation  moment) 
magnetic  phases  suitably  dispersed  on  the  scale  of  tens  of  nanometers.  Such  composite  material 
will  benefit  from  both  high  magnetocrystalline  anisotropy  of  the  hard  phase  and  large  magnetic 
saturation  of  the  soft  phase  leading  to  significant  enhancement  of  the  (BH)max  energy  product 
compared  to  the  individual  phases.  Since  the  soft  phase  is  usually  a  FeCo-based  composition  an 
additional  advantage  is  the  reduces  overall  amount  of  rare-earth  metal,  and  therefore  cost,  needed 
to  prepare  the  composite  material  due  to  smaller  volume  fraction  of  the  RE-rich  hard  phase. 
Theoretical  calculations  on  nanograin  exchange-coupled  magnets  predict  values  of  (BH)max  up  to 
94  MGOe,  75  MGOe  and  65  MGOe  for  Nd2Fei4B/Fe65Co35,  Sm2Coi7/Fe65Co35  and 
SmCoj/FeesCoss  nanocomposite  magnets  with  40  wt%  of  the  FeesCoss  soft  phase,  which  indicate 
a  1.5-2  times  increase  in  (BH)max  compared  to  single  phase  Nd2Fei4B  or  Sm-Co  alloys. 

7.2  Experimental 

In  order  to  obtain  high  energy  product  material  the  bulk  magnetically  hard/soft 
nanocomposite  magnet  should  meet  a  number  of  requirements:  (1)  the  nanocomposite  phases 
homogenously  distributed  with  the  grain  size  on  order  of  10  nm;  (2)  both  the  hard  and  soft 
phases  crystallographically  coherent  as  a  necessary  condition  for  mutual  exchange  coupling;  (3) 
anisotropic  bulk  magnet  structure;  and  (4)  full  bulk  density. 
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In  recent  years,  magnetic  powder  with  anisotropic  flake  particle  morphology  and  flake 
thickness  on  order  of  few  tens  nanometers  were  made  by  surfactant-assisted  high  energy  ball 
milling  (HEBM)  of  magnetic  alloys  prepared  by  melt-spinning  or  arc  melting  techniques.  Flake 
shape  and  thickness  can  be  controlled  by  varying  the  milling  process  parameters  such  as  weight 
ratio  between  powder,  surfactant  and  ball  media,  milling  time  etc.  The  main  difficulty  with  this 
process  is  the  surfactant  removal  from  the  milled  powder,  which  requires  heat  treatment  at 
temperatures  above  the  surfactant  boiling  point.  At  elevated  temperature  interdiffusion  can  occur 
between  powder  particles  leading  to  larger  particle  size.  In  order  to  avoid  unwanted  grain  growth 
during  the  heat  treatment  surfactants  with  lower  molecular  weight,  and  therefore  lower  boiling 
point,  can  be  used.  Alternative  methods  such  as  COi-assisted  leaching  can  also  be  employed. 

Nanoflake  appearance  of  the  milled  powder  is  highly  beneficial  for  fabrication  of 
anisotropic  bulk  magnets  using  the  powder  magnetic  alignment  techniques.  High  energy  ball 
milling  carried  out  in  a  constant  magnetic  field  created  by  permanent  magnets  placed  around  the 
milling  jar  as  well  as  pulse  magnetizing  immediately  prior  to  powder  compaction  will  result  in 
better  grain  alignment  and  anisotropic  properties  of  the  final  bulk  magnet. 

Nanopowder  compaction  is  another  challenge  since  in  conventional  hot  isostatic  pressing 
(HIP)  prolonged  heat  treatments  at  high  temperatures  will  result  in  the  grain  growth  and  loss  of 
nanoscale  microstructure,  while  compaction  at  lower  temperatures  may  not  produce  the  full 
density  bulk.  An  alternative  method  of  shockwave  metal  powder  consolidation  resulting  in 
nearly  100%  dense  bulk  and  minimum  grain  growth  has  been  practiced  in  the  past.  In  this 
method  a  powder  sample  is  confined  inside  a  metal  capsule,  which  is  impacted  by  a  high- 
velocity  projectile.  The  impact-generated  shockwave  delivers  energy  to  the  powder  plastically 
deforming  the  particles  and  compacting  it  into  a  bulk  sample.  The  shockwave  propagation  time 
is  on  order  of  nanoseconds,  which  is  insufficient  for  interdiffusion  and  grain  growth  to  take 
place,  therefore  the  nanostructure  of  the  magnetic  material  is  preserved. 

Exchange-coupled  nanocomposite  magnetic  materials  are  a  promising  new  class  for 
development  of  high  energy  bulk  permanent  magnets.  Nanoscale  combination  of  magnetically 
hard  phase  (Nd2Fei4B,  SmCoj,  Sm2Coi7)  with  high  coercivity  and  magnetically  soft  phase  (Fe, 
FeCo)  with  large  saturation  moment  will  produce  a  composite  material  superior  to  the  current 
state-of-art  magnets  in  terms  of  maximum  energy  product  (BH)max- 

Fabrication  of  such  material  requires  preparation  of  nanoscale  powder,  its  magnetic 
alignment  and  subsequent  consolidation.  Powder  preparation  will  be  realized  by  arc  melting  of 
the  necessary  alloy  ingots,  crushing  the  ingots  into  microscale  coarse  powder  followed  by 
surfactant-assisted  high  energy  ball  milling  in  order  to  achieve  nanoscale  particle  size.  Low 
molecular  weight  valeric  acid  will  be  used  as  a  surfactant  to  reduce  temperature  needed  for  the 
surfactant  removal.  Hypervelocity  impact  powder  compaction  technique  will  be  developed  in 
collaboration  with  a  local  research  facility.  Powder  capsule,  projectile,  target  will  be  designed 
and  machined  for  the  impaction  experiment.  Crystal  structure  and  grain  morphology 
characterization  will  be  carried  out  on  the  compacted  bulk  magnets  using  x-ray  diffraction, 
transmission  and  scanning  electron  microscopy  (SEM).  Magnetic  properties  such  as  coercive 
field,  remnant  and  saturation  magnetic  moments,  maximum  energy  product  will  be  measured  and 
compared  to  the  corresponding  single  phase  materials. 
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7.3 


Results  and  Discussion 


7. 5. 1  Sm  Co 5  Nano-flake  Powder  Preparation  via  Wet  Milling  Route  using  Oleic  A  cid 
Surfactant 

7. 3. 1.1  Objectives 

The  objective  for  this  project  were  to  (1)  Prepare  nano-scale  SmCos  powder  via 
surfactant  assisted  wet  milling  technique;  and  to  (2)  Characterize  powder  morphology  using 
SEM  and  compare  it  between  powders  obtained  at  different  milling  conditions. 

7. 3. 1.2  Experiments  and  Results 

SmCos  powder  batches  were  prepared  using  the  following  parameters:  powder  mass  5g, 
milling  balls  3/32”  4g,  solvent  heptanes  2.75g,  surfactant  oleic  acid  1.5g.  Different  milling  times 
of  1,  2,  4  and  8  hours  were  used  for  batches  #2-2,  #2-4,  #2-3  and  #2-5,  respectively,  as  depicted 
in  Figure  7.1.  After  milling,  powders  were  washed  in  acetone  and  vacuum-dried  for  1  hour. 
Figure  7.2  (a-d)  shows  the  SEM  micrographs  collected  on  the  Quanta  1  and  Quanta  2 
instruments  at  lOkV  and  30pm  aperture. 


Milling  time,  h 

Figure  7.1.  Powder  flake  thickness  dependence  on  the  milling  time 
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(a)  Sample  #2-2  (SmCos,  Oleic  acid,  Milling  time:  Ih) 


(c)  Sample  #2-3  (SmCos,  Oleic  acid,  Milling  time:  4h) 


(d)  Sample  #2-5  (SmCos,  Oleic  acid,  Milling  time:  8h) 
Figure  7.2.  SEM  micrographs  for  SmCos  powder  batches 
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7. 3. 1.3  Summary 

SEM  imaging  showed  flake-like  morphology  of  the  milled  powder.  Flake  thickness 
strongly  depends  on  the  milling  time,  ranging  from  1010  nm  (Ih)  to  200  nm  (8h).  Flake  lateral 
dimensions  are  on  order  of  1-3 pm  and  decrease  slightly  with  longer  milling  times. 


7.3.2  SmCos  Nano-flake  Powder  Preparation  via  Wet  Milling  Route  using  Valeric  Acid 
Surfactant 

7.3.2. 1  Objectives 

The  objectives  for  this  study  were  to:  (1)  Prepare  nano-scale  SmCos  powder  via 
surfactant  assisted  wet  milling  technique  using  Valeric  acid;  (2)  Study  the  differential  scanning 
calorimetry  (DSC)  response  and  estimate  a  temperature  range  for  surfactant  removal  heat 
treatment;  and  (3)  Characterize  powder  morphology  using  SEM  and  compare  between  powders 
obtained  at  different  milling  times. 


7. 3. 2. 2  Experiments  and  Results 


SmCos  powder  batches  were  prepared  using  the  following  parameters:  powder  mass  5g, 
milling  balls  1/8”  20g,  solvent  heptanes  2.75g,  surfactant  valeric  acid  1.5g.  Different  milling 
times  of  1,  2,  4  and  8  hours  were  used  for  batches  #3-2,  #3-3,  #3-1  and  #3-4,  respectively.  After 
milling,  powders  were  washed  in  acetone  and  vacuum-dried  for  20  minutes. 

DSC  data,  shown  in  Figure  7.3  (left  panel)  was  collected  on  the  dried  powder  in  the  range 
30-600  °C  at  a  heat  rate  of  20  °C/sec.  For  comparison,  the  powder  flake  thickness  dependence  on 
the  milling  time  is  shown  in  the  right  panel  of  Figure  7.3.  Samples  before  and  after  DSC  (held  at 
600  °C  for  5  minutes)  were  imaged  with  SEM  on  Quanta  2  instrument  at  lOkV  and  30pm 
aperture,  and  are  shown  in  Figures  7.4  (a-d). 


Figure  7.3.  (Left)  DSC  data.  (Right)  Powder  flake  thickness  dependence  on  the  milling  time 
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(a)  Sample  #3-2a  (SmCos,  Valeric  acid,  Milling  time:  Ih) 


(b)  Sample  #3-3a  (SmCos,  Valeric  acid,  Milling  time:  2h) 


(c)  Sample  #3-1  a  (SmCos,  Valeric  acid,  Milling  time:  4h) 


(d)  Sample  #3-4a  (SmCos,  Valeric  acid.  Milling  time:  8h) 

Figure  7.4.  SEM  micrographs  for  SmCos  powder  batches  before  and  after  DSC  tests 


152 

Approved  for  public  release;  distribution  unlimited. 


7. 3. 2. 3  Summary 


DSC  showed  evaporation  of  Valeric  acid  starting  at  200  °C,  stronger  heat  flow  for  longer 
milling  time  samples  is  due  to  larger  surface  area  of  the  powder.  Sample  milled  for  8h  needs 
more  investigation.  SEM  imaging  showed  flake-like  morphology  of  the  milled  powder.  Flake 
thickness  depends  on  the  milling  time,  ranging  from  260  nm  (Ih)  to  100  nm  (8h).  Flake  lateral 
dimensions  are  on  order  of  1-3 pm  and  decrease  slightly  with  longer  milling  times.  After  heat 
treatment  no  significant  particle  sintering  was  observed.  Sample  for  8h  became  cleaner  (mass 
loss  6%),  while  other  samples  look  similar  to  untreated  (mass  loss  ~0.5%). 

7.3.3  Surfactant  Removal  Study  for  Nanoscale  SmCos  Powder  Prepared  by  High  Energy 

Ball  Milling 

7.3.3. 1  Introduction 

Surfactant-assisted  high  energy  ball  milling  (HEBM)  has  become  a  viable  tool  for 
production  of  various  micro-  and  nano-scale  powders  used  in  a  wide  range  of  materials  science 
applications.  For  magnetic  alloys,  HEBM  is  employed  as  a  method  for  preparation  of  nano-scale 
anisotropic  rare-earth  magnetic  powders  with  controlled  particle  size  and  morphology  [l]-[7]. 
Final  powder  particle  properties  depend  on  the  milling  process  parameters  such  as  milling  time, 
ball-to-powder  mass  ratio,  and,  most  critically,  choice  and  the  relative  amount  of  the  surfactant 
[8]-[10].  During  the  milling  process  surfactant  molecules  adhere  to  the  freshly  exposed  particle 
surface  creating  a  thin  organic  layer.  This  layer  protects  the  particles  from  mechanical  alloying 
when  they  come  in  contact  with  each  other  further  in  the  milling  process.  Organic  fatty  acids  are 
typically  used  as  surfactants;  their  molecules  contain  carboxylic  functional  components  which 
form  carboxylate  bonds  with  the  metal  surface  and  long  molecular  chains  which  create  an 
electrostatic  barrier  for  the  surrounding  powder  particles.  Recently,  surfactant-assisted  HEBM 
has  been  used  in  preparation  of  nanostructured  SmCos  magnetic  powders  with  anisotropic  flake¬ 
like  morphology  and  particle  thickness  below  100  nm  [4],  [6],  [11],  [12]. 

Surfactants  play  an  essential  role  in  HEBM  process,  however,  they  often  need  to  be 
removed  after  milling  and  prior  to  a  powder  consolidation  step.  The  presence  of  surfactant 
during  powder  sintering  or  hot  pressing  may  result  in  organic  material  decomposition  or  reaction 
with  the  base  metal  alloy  producing  impurities  in  the  final  product.  Typically  surfactant  removal 
is  achieved  through  a  vacuum  annealing  process  which  requires  relatively  high  temperatures  and 
long  dwelling  times.  Such  thermal  conditions  are  undesirable  for  treatment  of  nanostructured 
powders,  since  exposure  to  elevated  temperatures  results  in  grain  growth  and  oxidation  [9],  [13]. 
A  recent  study  has  shown  that  heat  treatment  temperature  depends  on  surfactant  molecular 
weight  (MW)  and  it  can  be  reduced  by  using  surfactants  with  shorter  molecular  chains.  Oleic 
acid  (OA)  is  the  most  commonly  used  surfactant  reported  in  the  literature  for  preparation  of 
SmCos  nano-flake  powders  [6],  [7],  [9],  [12].  Due  to  its  chemical  interaction  with  the  metal, 
temperatures  above  500°C  under  atmospheric  conditions  are  required  for  OA  removal  (OA 
boiling  point  is  360°C,  MW  =  282  g/mol).  A  lower  molecular  weight  surfactant  such  as  valeric 
acid  (VA,  boiling  point  185°C,  MW  =  102  g/mol)  would  require  a  less  aggressive  heat  treatment 
and  may  be  more  suitable  for  SmCos  alloy  powder  processing  [10]. 

In  the  present  work  SmCos  nano-flake  magnetic  powder  were  prepared  by  HEBM  using 
valeric  acid.  Different  annealing  conditions  for  surfactant  removal  were  investigated.  The  effect 
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of  the  heat  treatment  has  been  evaluated  by  estimation  of  residual  surfactant  content  and 
magnetic  property  comparison  between  the  as-milled  and  treated  SmCos. 

7. 3. 3. 2  Experimental 

Pure  Sm  and  pure  Co  were  combined  in  a  1 :5  atomic  ratio  and  arc  melted  into  a  SmCos 
alloy  button  in  Ar  atmosphere.  The  button  was  mechanically  crushed  into  coarse  powder 
(particle  size  under  250  pm)  which  was  used  as  the  staring  material  for  high  energy  ball  milling. 
For  HEBM  the  SmCos  powder  (5  g),  milling  balls  (1/8"  diameter,  hardened  stainless  steel,  20  g, 
152  balls),  vehicle  (heptane,  2.75  g,  Acros  Organics)  and  surfactant  (valeric  acid,  1.5  g,  Aldrich) 
were  combined  and  sealed  under  Ar  atmosphere  in  a  stainless  steel  jar  and  milled  in  a  SPEX 
8000D  vibratory  mill  for  1  hour.  After  milling  the  powders  were  rinsed  with  acetone,  vacuum 
dried  and  separated  from  the  ball  media. 

The  as-milled  SmCos  powders  were  heat  treated  at  two  different  temperatures:  200°C  and 
400°C.  In  order  to  avoid  oxidation  an  argon  atmosphere  was  used  at  a  pressure  slightly  above 
atmospheric  (800  Torr);  treatment  in  air  was  also  conducted  (at  pressure  ~1  Torr)  for 
comparison.  Relative  contents  of  residual  surfactant  were  compared  by  DSC  analysis,  Perkin 
Elmer  DSC  8000,  temperature  range  30-600  °C,  heat  rate  20°/min,  in  flowing  high-purity  Ar. 

The  presence  of  metal  oxides  and  primary  SmCos  phase  were  evaluated  by  X-ray  diffraction  data 
collected  on  beamline  33-BM-C  [14]  at  the  Advanced  Photon  Source  of  Argonne  National 
Laboratory,  using  x-ray  radiation  with  wavelength  7.=0. 05 89605  nm.  Measurements  were 
performed  on  powder  samples  mounted  in  quartz  capillaries  and  using  a  curved  image  plate 
detector  in  the  20  angular  range  3.5-35.5°;  additional  procedure  details  are  described  in  [15]. 
Powder  morphology  before  and  after  heat  treatment  was  investigated  with  SEM,  FEI  Quanta 
ESEM.  For  magnetic  property  measurements  SmCos  powders  were  combined  with  an  epoxy 
resin  (80%  powder,  20%  epoxy  by  mass),  pulse  magnetized  in  a  10  T  magnetic  field,  and  set  for 
curing  between  permanent  magnets  in  a  field  ~1  T  for  24  hours.  A  KJS  Associates  closed-loop 
hysteresisgraph  (model  MG-700)  was  used  to  measure  magnetic  behavior  of  the  cured  samples 
and  determine  magnetic  coercivity  Hci,  remanence  Br  and  maximum  energy  product  (BH)max- 

7. 3. 3. 3  Results  and  Discussion 

SEM  imaging  of  the  as-milled  and  heat  treated  SmCos  powders  prepared  by  HEBM  using 
valeric  acid,  shown  in  Figure  7.5,  revealed  a  highly  anisotropic  flake-like  morphology  with  flake 
sizes  in  the  range  1-5  pm  wide  and  200-600  nm  thick.  Formation  of  flake-shaped  particles  is 
consistent  with  previous  experiments  [4]-[7]  and  is  facilitated  by  the  presence  of  the  surfactant 
during  HEBM.  A  preliminary  study  has  also  been  conducted  to  determine  effect  of  milling  time 
on  the  SmCos  nano-flake  thickness.  The  selected  time  of  Ih  produced  200-600  nm  flakes  which 
according  to  [7]  results  in  relatively  high  energy  product  (BH)max-  The  flake  dimensions  are  also 
in  agreement  with  previous  reports  using  oleic  acid  as  a  surfactant.  However,  no  study  of  relation 
between  milling  parameters  and  final  powder  morphology  for  the  case  of  valeric  acid  has  been 
done. 

Comparisons  between  SEM  images  of  the  untreated  powders  and  treated  at  200  °C  and 
400  °C  (both  in  Ar  and  Air  atmospheres)  did  not  show  any  visible  differences  in  the  powder 
morphology,  even  though  an  onset  of  particle  coagulation  was  expected  after  the  heat  treatment. 
Presence  of  the  organic  surfactant  in  the  as-milled  powder  was  indirectly  evidenced  by  minor 
charging  during  SEM  raster  due  to  lower  powder  surface  conductivity.  TEM  imaging  would  be 
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more  suitable  for  a  detailed  particle  surface  analysis  and  estimation  of  the  surfactant  layer 
thickness. 


Figure  7.5.  SEM  images  of  as-milled  (a),  heat  treated  in  argon  at  200  °C  (b)  and  400  °C  (c)  SmCos  nano-flake 
powders  prepared  by  HEBM  using  valeric  acid;  clusters  of  SmCos  nano-flakes  (d) 


Residual  surfactant  content  was  estimated  from  DSC  analysis  with  the  data  shown  in 
Figure  7.6.  For  the  as-milled  powder  a  large  endothermic  peak  with  an  onset  near  the  valeric  acid 
boiling  temperature  (185°C)  indicated  the  presence  of  the  surfactant.  Powders  heat  treated  in  Ar 
exhibit  similar  peaks  but  with  the  peak  area  decreasing  for  higher  dwell  temperatures,  which  is 
evidence  of  a  reduced  amount  of  the  surfactant.  In  addition,  the  peak  onset  temperature  shifts 
toward  higher  values  suggesting  stronger  bonding  of  the  valeric  acid  to  the  metal  particles  as  the 
surfactant  layer  becomes  thinner.  Detailed  peak  area  comparison  showed  partial  (58%)  and 
nearly  complete  (96%)  surfactant  removal  after  treatment  in  Ar  at  200°C  and  400°C  respectively. 
Treatment  in  air  at  reduced  pressure  resulted  in  full  surfactant  removal;  no  DSC  peak  from 
valeric  acid  was  observed  after  either  dwell  temperatures.  This  can  be  attributed  to  the  reduced 
boiling  point  of  the  surfactant  due  to  lower  air  pressure  (1  torr)  than  Ar  (800  torr)  during 
armealing.  Also  the  presence  of  oxygen  facilitates  organic  surfactant  decomposition  in  addition 
to  evaporation. 


Figure  7.6.  DSC  heat  flow  (heating)  for  as-milled  and  heat  treated  SmCos  nano-powders 
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Exposing  SmCo5  powder  to  air  at  elevated  temperatures  resulted  in  oxidation  as  indicated 
by  CoO,  C03O4  and  Sm203  oxide  XRD  peaks  as  shown  in  Figure  7.7.  The  oxide  peaks 
progressively  become  sharper  and  more  pronounced  corresponding  to  larger  metal  oxide  volume 
fraction  and  crystallite  size  formed  after  annealing  at  higher  temperature.  Note  that  the  initial 
SmCos  phase  was  not  detected  among  the  metal  oxides,  which  is  discussed  later  in  the  text.  On 
the  other  hand,  no  oxide  formation  was  observed  after  treatment  in  Ar,  which  confirms  that 
excess  Ar  pressure  is  highly  effective  in  preventing  oxygen  access  to  the  powder  and  avoiding 
alloy  oxidation. 


Figure  7.7.  Powder  x-ray  diffraction  data  for  as-milled  and  heat  treated  SmCos  nano-scale  powder 


Demagnetization  data  for  all  heat  treated  and  as-milled  SmCos  powders  are  shown  in 
Figure  7.8.  The  heat  treatment  at  200°C  results  in  significant  reduction  of  the  maximum  energy 
product  (BH)max  to  1.7  MGOe  down  from  5.3  MGOe  (see  Figure  7.8  inset  table),  which  is  further 
degraded  after  treatment  at  400°C  to  0.3  MGOe.  Strong  suppression  of  the  M(H)  curve 
squareness  and  appearance  of  a  slope  change  around  H  ~  3  kOe  after  annealing  at  200°C 
suggests  gradual  development  of  a  SmCoj  volume  fraction  with  much  lower  coercivity  Hci  than 
the  initial  untreated  SmCos.  This  fraction  is  further  expanded  to  the  full  SmCos  volume  after 
400°C  treatment  leading  to  overall  deterioration  of  Hci  and  (BH)max-  As  shown  in  previous 
reports  the  coercivity  of  SmCos  nano-flake  powders  strongly  depends  on  the  particle  thickness 
[7],  [16]  reaching  its  maximum  of  20  kOe  for  180  nm  flakes.  In  the  present  study  the  average 
thickness  of  SmCos  flakes  is  around  300  nm  and  measured  coercivity  for  the  untreated  samples 
Hci  =  18  kOe  agrees  well  with  the  above  reference.  Particle  growth  would  be  the  first  choice  to 
explain  the  decrease  in  magnetic  coercivity,  however,  according  to  SEM  no  significant  particle 
sintering  or  merging  were  observed.  Moreover,  even  micron  thick  flakes  produced  by  HEBM 
still  exhibit  Hci  around  10  kOe  [16],  while  a  decrease  in  Hci  by  a  factor  of  15-20  is  observed  after 
the  heat  treatment  in  the  present  300  nm  powder.  Therefore  it  was  assumed  that  the  coercivity 
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mechanism  is  strongly  related  to  the  specifics  of  the  ball  milling  process  and  structural  dynamics 
within  individual  particles  during  annealing. 
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Figure  7.8.  Demagnetization  data  for  epoxy  bound  as-milled  and  heat  treated  SmCos  nano-powders.  Inset 
table:  coercivity  Hd,  remanence  Br  and  maximum  energy  product  (BH)„rax 

There  are  several  factors  affecting  the  coercivity  in  SmCoj  powders.  Magnetization 
reversal  process  is  strongly  related  to  the  magnetic  domain  nucleation  and  domain  wall  motion. 

In  a  defect- free  single  domain  particle  magnetization  reversal  would  require  cooperative  rotation 
of  all  magnetic  spin  moments  producing  the  highest  coercivity  due  to  strong  magnetocrystalline 
anisotropy  of  SmCos  [17].  However,  the  coercivity  decreases  dramatically  with  the  presence  of 
domain  nucleation  sites  such  as  structural  defects,  chemical  impurities,  surface  edges  etc.  most  of 
which  concentrate  close  to  the  particle  surface.  On  the  other  hand,  similar  defects  within  the  bulk 
of  the  particles  serve  as  domain  wall  pinning  centers  inhibiting  domain  wall  propagation  through 
the  particle  thus  enhancing  its  coercivity  [18] -[20].  As  a  result  of  the  ball  milling  process  large 
amounts  of  both  surface  and  bulk  defects  are  produced  in  SmCos  powder  giving  the  resultant  Hci 


values. 


It  has  been  shown  in  literature  that  lower  coercivities  in  SmCos  powders  were  observed 
with  aging  or  annealing  due  to  decrease  in  concentration  of  bulk  domain  wall  pinning  centers 
[18].  Additionally,  surfactant  reacting  with  SmCos  at  elevated  temperatures  creates  chemical 
uniformities  on  particle  surfaces  thus  increasing  domain  nucleation  site  concentration  and  further 
degrading  the  coercivity.  It  is  believed  both  above  mechanisms  contribute  to  the  strong 
suppression  of  (BH)max  in  the  present  heat  treated  SmCoj  nano-powders. 

An  attempt  was  made  to  estimate  SmCos  average  grain  size  from  the  XRD  peak 
geometry  using  Scherrer’s  equation  [21]: 


cos(d)  *{FWHM) 


9 
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where  X  is  the  x-ray  wavelength,  A:  is  a  shape  factor,  20  is  the  peak  center  position,  and  FWHM  is 
peak  width.  Gaussian  and  Lorentzian  equations  were  used  to  fit  several  peaks  and  the  average 
grain  size  was  calculated  as  10.3±1.7  nm,  1 1.2±1.5  nm  and  9.5±3.4  nm  for  untreated,  treated  at 
200  °C  and  400  °C  powders  respectively.  These  results  do  not  show  a  trend  in  grain  growth. 

Interestingly  enough,  the  difference  between  magnetic  response,  namely  in  (BH)max 
energy  product,  for  SmCos  samples  treated  in  Ar  and  air  is  relatively  small  (around  20%) 
compared  to  the  effect  of  the  annealing  temperature  (by  a  factor  of  3-4)  despite  heavy  oxidation 
in  air-treated  SmCos  (Figure  7.7).  Taking  into  account  that  slight  variation  in  measured 
remanence  Br  and  coercivity  Hci  between  samples  is  expected  due  to  some  inconsistency  in 
sample  preparation  steps  we  assumed  M(H)  data  (Figure  7.8)  for  air  and  Ar-treated  SmCos  are 
approximately  the  same  with  no  significant  atmosphere  effect. 

Such  a  result  indicates  a  contradiction:  the  SmCos  phase  was  not  observed  in  the  air- 
treated  powder,  but  its  magnetic  response  is  very  close  to  the  unoxidized  SmCos  annealed  in  Ar 
at  the  corresponding  temperature.  Initially  we  assumed  only  an  insignificant  fraction  of  SmCos 
transformed  into  an  oxide  forming  a  thin  layer  on  particle  surfaces  without  affecting  magnetic 
response  but  masking  the  underlying  non-oxidized  phase  from  detection  by  XRD.  The  x-ray 
attenuation  length  in  SmCos  is  under  10  pm  for  the  beamline  photon  energy  (21  keV)  and 
incidence  angles  (20  =  3.5-25°)  used  in  this  study  [22]  and  the  information  depth  is  on  the  order 
of  several  microns.  This  depth  is  much  larger  than  average  powder  flake  thickness  (~300  nm) 
and  is  comparable  with  the  flake  lateral  dimensions  (1-5  pm).  In  this  case  absence  of  the  initial 
SmCos  phase  peaks  would  imply  complete  particle  oxidation  without  a  remaining  SmCos  core, 
which  contradicts  the  magnetic  response  data.  Alternatively  it  is  suggested  that  flake 
agglomeration  into  clusters  (Figure  7.5  (d))  due  to  magnetostatic  interaction  results  in  a  large 
amount  of  the  SmCos  protected  from  exposure  to  oxygen  at  the  cost  of  oxidation  of  a  few  outer 
cluster  flake  layers.  For  the  observed  cluster  size  of  5-30  pm  this  assumption  qualitatively  agrees 
with  the  XRD  and  demagnetization  results,  however,  additional  investigations  such  as  neutron 
diffraction  and  TEM  are  needed  for  better  understanding  of  the  metal  oxide  presence  in  the  heat 
treated  SmCos  powders. 

7. 3. 3. 4  Summary 

Nano-flake  SmCos  powders  were  prepared  by  surfactant-assisted  high  energy  ball  milling 
using  a  low  molecular  weight  valeric  acid  surfactant.  Final  powder  morphology  showed  flake 
shape  and  dimensions  (width  1-5  pm  and  thickness  200-600  nm)  similar  to  previously  prepared 
powders  using  conventional  oleic  acid.  A  heat  treatment  approach  for  the  surfactant  removal  was 
investigated.  Annealing  at  200°C  and  400°C  in  argon  resulted  in  partial  (58%)  and  nearly 
complete  (96%)  valeric  acid  removal  and  avoided  powder  oxidation.  However,  the  magnetic 
energy  product  (BH)max  strongly  degraded  from  5.3  (as-milled)  to  1.7  (200°C)  and  0.3  MGOe 
(400°C)  after  the  heat  treatment,  which  was  attributed  to  suppressed  coercivity  due  to  generation 
of  domain  nucleation  sites  (surface  defects)  and  reduced  concentration  of  domain  wall  pinning 
centers  (bulk  defects)  within  individual  flakes.  Annealing  in  air  has  led  to  complete  surfactant 
removal  but  also  thin  surface  oxide  layer  formation,  which  did  not  significantly  affect  the 
magnetic  properties. 

In  summary,  the  results  of  the  present  study  indicate  that  even  a  modest  heat  treatment  of 
SmCos  nano-powder  prepared  by  HEBM  severely  degrades  its  magnetic  properties  regardless  of 
the  atmosphere.  The  heat  treatment  process  is  not  suitable  for  surfactant  removal  and  either 
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alternative  methods  must  be  considered,  or  the  surfactant  must  remain  during  further  powder 
processing. 

7.3.4  UDRI  Gas  Gun  Target  Fixture  Design 

7. 3. 4.1  Introduction 

The  objective  for  this  task  was  to  design  a  target  assembly  for  hypervelocity  powder 
compaction  experiment  at  UDRI’s  gas  gun  facility.  In  order  to  assembly  our  own  target  fixture  a 
few  existing  similar  designs  from  other  research  groups  have  been  first  reviewed. 

A  research  group  at  Georgia  Tech  has  employed  a  single-stage  gas  gun  with  80  mm  bore 
diameter  to  launch  a  cylindrical  sabot  with  a  metal  flyer  plate  at  a  target  containing  three  sealed 
powder  capsules  embedded  into  a  metal  disc.  The  capsule  disc  and  the  surrounding  ring  were 
backed  by  a  mounted  momentum  trap  plate.  As  the  flyer  plate  impacts  the  target  surface  a  plane 
shockwave  propagates  through  the  metal  encasement  and  the  sample  powder,  and  with  a  proper 
set  of  initial  parameters  the  delivered  shockwave  energy  will  consolidate  the  powder  to  nearly 
100%  density. 

The  point  of  such  design  is  the  use  of  three  samples  at  once,  which  can  be  allowed  with 
80  mm  wide  flyer  plate  and  is  time  and  cost  efficient.  Another  important  aspect  is  the 
construction  of  powder  capsules,  which  are  threaded  and  are  sealed  by  a  plug  and  epoxy.  The 
plug  prevents  air  access  to  the  powder  to  avoid  oxidation  and  keeps  the  powder  partially 
compressed.  All  the  metal  components  in  this  design  are  made  of  general  purpose  304  stainless 
steel  as  illustrated  below  in  Figure  7.9. 


capsule  with  momentum 


Figure  7.9.  Schematic  of  three-capsule  palte-impact  recovery  fixture  used  with  the  80  mm  diameter  gas-gun 

for  dynamic  densification  experiments 


An  alternative  setup  was  used  by  a  group  at  California  Tech,  which  had  a  35mm  wide 
sabot  and  flyer  plate  impacting  a  target  containing  one  powder  capsule,  is  shown  in  Figure  7.10. 
On  the  contrary  to  the  previous  design,  the  powder  sample  only  and  not  the  surround  ring  is 
impacted.  In  this  case  less  energy  is  wasted  and  the  experiment  is  more  cost  efficient.  The 
capsule  design  is  also  simpler.  The  powder  is  contained  inside  a  sleeve  (cylindrical  tubing)  and 
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plugged  from  both  sides  by  press  fitted  eylindrical  plugs.  There  is  less  eontrol  on  air  aecess  to  the 
powder  inside  the  sleeve  eompared  to  the  threaded  capsule  but  the  construction  is  much  easier  to 
machine.  The  design  used  hardened  stainless  steel  for  the  target  ring  and  the  sleeve,  while  the 
back  plug  and  the  momentum  trap  were  made  of  6061  A1  alloy. 
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Figure  7.10.  Target  fixture  and  flyer  plate  assembly  used  in  the  shock  consolidation.  Note  that  only  the 
sample,  and  not  the  containment  assembly,  is  impacted 


7. 3. 4. 2  Proposed  Design 

Based  on  the  review  of  previously  employed  powder  impact  compaction  designs, 
schematics  of  a  target  fixture  for  the  present  SmCos  compaction  experiment  is  proposed.  The  key 
points  of  the  fixture  design  are: 

•  This  is  the  first  trial  experiment  therefore  the  fixture  should  be  simple  and  low  cost.  The 
design  with  one  sample  capsule  will  be  used. 

•  The  sample  capsule  will  be  similar  to  the  CalTech  design  -  a  cylindrical  sleeve  with  press 
fitted  plugs  at  both  sides. 

•  Two  different  modifications  of  the  plug-sleeve  arrangement  will  be  tried  (rigid  and 
compressive  capsule,  see  below). 

•  Target  ring,  sleeve,  front  plug  and  flyer  plate  made  of  multipurpose  304  and  extra 
corrosion  resistant  316  stainless  steel.  Back  plug  and  momentum  trap  made  of  6061  A1 
alloy. 

•  The  fixture  will  be  assumed  for  one-time  use  and  a  new  one  will  be  used  for  each  shot. 

The  sketch  of  the  target  fixture  is  shown  below  in  Figure  7.1 1.  The  powder  capsule  is 
pressed  into  a  surround  ring,  which  is  attached  to  the  momentum  trap  plate.  The  momentum  trap 
plate  is  wider  than  the  surround  ring  to  allow  space  for  mounting  to  the  base  of  the  catch-tank. 
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Figure  7.11.  Preliminary  target  fixture  design 


Two  modifications  of  the  powder  capsule  will  be  tried  and  are  presented  in  Figure  7.12. 
The  rigid  capsule  design  will  have  the  front  plug  diameter  equal  to  the  outside  sleeve  diameter  so 
that  the  plug  rests  on  the  sleeve  edge  thus  providing  good  rigidity  through  the  thickness  of  the 
surround  ring.  This  arrangement  is  equivalent  to  the  ones  used  in  both  groups  reviewed  earlier 
and  is  expected  to  transport  the  shockwave  front  equally  through  the  surround  ring  and  the 
capsule  casing. 

In  addition  to  the  rigid  a  compressive  capsule  design  is  proposed.  In  this  case  the  front 
plug  is  placed  inside  the  sleeve  similarly  to  the  back  plug  and  the  sleeve  length  is  equal  to  the 
thickness  of  the  surround  ring.  This  model  will  be  less  rigid  since  the  front  plug  can  slide  inside 
the  sleeve  and  the  shockwave  profile  may  be  distorted  compared  to  the  rigid  capsule.  However, 
the  displacement  of  the  front  plug  may  aid  in  the  powder  compaction. 


Rigid  capsule  design 


Compressive  capsule 
design 


''0.625” 


Figure  7.12.  Powder  capsule  modiflcations 
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7. 3. 4. 3  Summary 

The  proposed  target  fixture  design  is  relatively  simple  to  implement,  the  304  and  316 
steels  are  not  hardened  and  the  maehining  required  is  boring  through  holes  for  the  powder 
capsule  and  mounting  screws,  slightly  reducing  plug  rod  diameter  to  fit  into  the  sleeve,  cutting 
tubing  and  rods  to  the  required  length.  The  sabot,  flyer  plate  and  the  tank  mounting  stage  parts 
will  be  machined  at  UDRI. 

For  the  target  to  be  assembled  properly,  the  powder  capsule  front  and  back  surfaces 
should  be  leveled  flat  with  the  surface  of  the  surround  ring.  Part  of  it  can  be  achieved  by  accurate 
cutting  and  fine  grinding  of  the  sleeve  and  the  front  plug.  Additionally,  since  the  size  of  the 
powder  cavity  depends  on  the  powder  mass  the  length  of  the  back  plug  can  be  adjusted  by  fine 
grinding  to  make  it  flat  with  the  outside  surface  for  each  target  individually. 


7.3.5  UDRI  Gas  Gun  Powder  Compaction  Experiment 

7. 3. 5.1  Objectives 

The  objectives  of  this  experiment  were  to  (1)  Design  sample  and  target  capsule  based  on 
literature  review;  (2)  Design  and  machining  of  target  fixtures,  projectiles  and  targets;  (3) 
Conduct  experiments  at  different  impaction  speeds;  and  (4)  Sample  property  characterization. 

7. 3. 5. 2  Experimental  and  Discussion 

Two  types  of  target  assemblies  were  machined  in  house  -  rigid  and  compressive  capsule 
design  (see  drawings  in  Figures  7.1 1  and  7.12).  Two  identical  targets  were  made  of  each  type 
(four  targets  total). 


Figure  7.13  Target  assembly 
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Experimental  nano-scale  SmCos  alloy  powder  was  prepared  by  surfactant-assisted  high 
energy  ball  milling  using  Valeric  acid  surfactant.  Preparation  steps  are  summarized  in  the 
diagram  in  Figure  7.14.  Final  powder,  including  remaining  surfactant,  was  loaded  into  target 
capsules  and  pre-compacted  in  hydraulic  hand  press. 


Figure  7.13.  SmCos  experimental  powder  preparation  flowchart 


For  target  fixtures,  cold  rolled  steel  plates  were  cut  to  size  according  to  the  drawings  in 
Figure  7.15.  All  fixture  parts  (front  plate,  base  and  gussets)  were  welded  together  as  shown  in 
Figure  7.16.  Excessive  heat  from  welding  caused  the  bottom  plate  to  warp,  which  was  fixed  later 
by  level  milling.  Two  fixtures  were  made  and  the  target  assemblies  were  mounted  onto  the  front 
plates.  The  same  fixtures  were  planned  to  use  for  up  to  two  shot  experiments. 
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Figure  7.14.  Target  fixture  drawing 


Figure  7.15.  Machined  and  welded  target  fixtnre  with  and  withont  the  target  assembly  mounted 


For  the  projectiles,  two  sets  were  machined  (4  pieces  for  velocity  calibration  and  4  pieces 
for  the  actual  powder  compaction).  As  shown  in  Figure  7. 17,  the  body  of  a  projectile  was  made 
from  Lexan  plastic  cylinder,  a  flyer  stainless  steel  plate  was  mounted  on  the  front  of  the 
projectile  and  surrounded  by  aluminum  ring. 
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(b) 

Figure  7.16.  (a)  Projectile  schematic,  (b)  Set  of  4  machined  projectiles 


The  powder  compaction  experiments  consisted  of  four  shots  at  two  different  projectile 
speeds  (300  and  lOOOm/s)  for  each  of  the  two  types  of  powder  capsule  (rigid  and  compressive 
designs).  The  300m/s  shots  were  conducted  using  compressed  Helium  as  the  projectile 
propulsion  medium,  the  lOOOm/s  shots  were  performed  using  gun  powder  charges.  In  all  cases 
the  sample  chamber  was  evacuated  to  17mmHg  pressure  to  improve  the  velocity  of  the 
projectiles. 

•  Shot  1: 

o  Velocity  303m/s 

o  Propulsion:  compressed  He  at  300psi 

o  Target:  rigid  capsule 

o  SmCos  powder  and  capsule  top  plug  scattered  after  the  shot,  a  sample  piece  was 
recovered. 

•  Shot  2: 

o  Velocity  304m/s 

o  Propulsion:  compressed  He  at  300psi 

o  Target:  compressive  capsule 

o  SmCoj  powder  was  contained  after  the  shot  (successful) 
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•  Shot  3: 

o  Velocity  990m/s 
o  Propulsion:  gun  powder  charge 
o  Target:  rigid  capsule 

o  Impact  caused  too  much  damage  to  the  target  assembly,  no  samples  were 
recovered 

•  Shot  4: 

o  Velocity  645m/s 
o  Propulsion:  gun  powder  charge 
o  Target:  compressive  capsule 

o  Impact  caused  no  damage  to  the  target  assembly,  but  no  samples  were  recovered 
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Shot 

Number 

Target  Projectile 

ID  Weight  (g) 

Impact  Velocity 
(m/s) 

Comments 

7-1931 

#1 

269.49 

303 

Front  piston  plug  found  on  tank  floor. 

Pieces  of  compressed  powder  recovered 
from  tank  floor.  Tank  floor  debris  collected. 

7-1932 

#3 

266.90 

304 

Target  assembly  remained  intact. 

7-1933 

#2 

278,48 

990 

Substantial  damage  to  target  and  mounting 
frame.  Surround  ring  was  broken  and 
found  on  tank  floor.  Aluminum  base  plate 
was  deformed  with  clamping  bolts 
bent/broken.  Piston  plugs  found  on  tank 
floor.  No  recognizable  compacted  powder 
was  initially  recovered.  Tank  floor  debris 
collected  and  bagged. 

7-1934 

#4 

269.78 

641 

Front  piston  plug  found  on  tank  floor.  Tank 
floor  debris  collected  and  bagged. 

Comments;  Projectile  weight  was  the  total  package  impacting  the  target.  Fiver  plate  weight  was 
not  measured 


Characterization  of  only  one  sample  obtained  in  Shot  #2  experiment  was  conducted  since 
no  other  samples  were  recovered.  The  SEM  image  in  Figure  7.18  revealed  a  microstructure 
indicating  partial  powder  compaction  with  significant  amount  of  porosity  and  low  particle 
bonding.  This  can  be  attributed  to  insufficient  shock  energy  as  well  as  low  green-body  density 
during  initial  powder  pre-pressing.  However,  the  particles  are  much  denser  packed  compared  to 
as-milled  powder.  The  sample  is  isotropic,  no  degree  of  flake  alignment  was  observed.  Particle 
size  remained  unchanged  after  the  compaction  experiment  (at  300m/s  impact  velocity). 
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Figure  7.17.  SEM  imaging  of  shock  compacted  SmCo5  nano-scale  powder 


Vibrating  sample  magnetometry  (VSM)  measurements  were  carried  out  to  collect 
magnetic  hysteresis  M(H)  data,  shown  in  Figure  7.19,  on  the  as-milled  SmCoj  loose  powder  and 
the  two  recovered  compacted  samples.  As-milled  powder  showed  Hci  values  very  close  to  the 
closed  loop  KJS  B(H)  measurements.  The  magnetic  hysteresis  measurements  revealed  slight 
(~15%)  coercive  field  decrease  in  compacted  material  compared  to  lightly  packed  as-milled 
powder.  According  to  the  previous  results,  the  lower  Hci  values  may  be  the  result  of  sample 
heating  during  the  shock  experiment.  It  is  hard  to  estimate  the  temperature  of  this  local  heating, 
however,  it  did  not  significantly  deteriorate  the  magnetic  properties.  Remnant  magnetization  as 
well  as  saturation  are  approximately  the  same  for  all  three  samples,  since  magnetization  M  is 
measured  in  emu/g  and  sample  density  is  not  important. 


Figure  7.18.  Magnetic  hysteresis  data  for  shock  compacted  and  as-milled  SmCoS  nano-scale  powder 
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7. 3. 5. 3  Summary 

The  gas  gun  powder  compaetion  technique  tried  was  not  successful  in  sintering  SmCos 
nano-powder.  The  SOOm/s  velocity  is  not  enough  to  compact  the  powders  onto  bulk,  while  higher 
velocity  (600-1000m/s)  requires  more  advanced  powder  capsule  design  and  target  configuration 

7.3. 6  SmCos  Powder  Microwave  Sintering 

Based  on  the  microstructure  analysis  of  the  shock  compacted  SmCos  powders  a  new 
approach  was  planned  in  order  to  achieve  better  bulk  SmCos  density.  A  microwave  (MW) 
sintering  process  was  chosen  as  a  next  experimental  step  based  on  the  existing  reports  in 
literature  on  successful  sintering  of  various  metal  alloy  powders  into  fully  dense  final  products. 
Additionally  the  experimental  arrangements  have  been  made  at  a  local  UDRI  research  facility 
which  has  suitable  microwave  sintering  equipment  readily  available. 

7.3.6. 1  Experimental  and  Characterization 

Starting  powder  was  prepared  by  standard  high  energy  ball  milling  process:  combined  in 
a  steel  jar  under  Ar  5g  SmCos  coarse  powder,  20g  stainless  steel  milling  ball  media  1/8” 
diameter,  2.75g  heptane  (60  wt%)  and  0.1 5g  valeric  acid  surfactant  (3  wt%).  After  Ih  milling 
time  powders  were  rinsed  in  acetone  and  vacuum  dried.  The  nano-scale  SmCos  powders  were  be 
magnetized  in  order  to  align  the  nano-flake  particles  and  pressed  in  the  cold  isostatic  press  (CIP) 
at  30  kpsi  for  30  min  as  a  preparation  for  microwave  sintering  powder.  Compacted  powder 
samples  were  sintered  in  a  microwave  furnace  (UDRI)  at  300,  450  and  600°C  for  5-15  min  in 
forming  gas  atmosphere  (95%  N2  and  5%  H2). 

Microstructures  of  the  sintered  and  compacted  as-milled  SmCos  samples  are  shown  in 
Figure  7.20.  An  onset  of  particle  coagulation  is  visible  after  MW  sintering,  however,  no  major 
densification  or  reduced  porosity  was  observed.  In  order  to  obtain  highly  dense  bulk  higher 
sintering  temperatures  and  longer  dwelling  times  need  to  be  employed. 


(a) 


(b) 


Figure  7.19.  SEM  images  of  CIP  compacted  as-milled  SmCos  nanopowder  (a)  and  microwave  sintered  sample 

at  600°C  for  15  min  (b) 
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The  as-milled  and  MW  sintered  samples  have  been  investigated  using  magnetic 
hysteresis  measurements  on  a  VSM  instrument.  The  magnetic  moment  as  a  function  of  applied 
magnetic  field  M(H)  data  are  shown  in  Figure  7.21 .  The  Mr  and  Hci  for  as-milled  powder  are 
consistent  with  previous  measurements,  the  CIP  compacted  powder  has  slightly  better  loop 
squareness  due  to  higher  sample  density.  Magnetic  response  of  the  MW  treated  SmCos  is  similar 
for  all  treatment  temperatures  showing  greatly  reduced  coercivity  and  remanence.  Such  a 
substantial  difference  could  be  attributed  to  sample  structure  change  due  to  oxidation  or 
recrystallization,  which  can  be  clarified  by  XRD  investigation. 


Magnetic  Field,  kOe 

Figure  7.20.  Magnetic  hysteresis  data  for  as-milled  and  microwave  sintered  nano-scale  SmCos 


Continued  characterization  of  microwave  sintered  SmCos  nanopowders  by  x-ray 
diffraction  has  been  carried  out  on  samples  sintered  at  300  °C  for  5  min,  450  °C  for  10  min  and 
600  °C  for  15  min  using  Cu  Ka  radiation.  XRD  scans  in  the  20  range  25-65°  are  shown  in  Figure 
7.22.  Pattern  analysis  and  phase  identification  done  with  Diffrac.Eva  software  revealed  presence 
of  the  original  SmCos  and  secondary  phases  (Sm  oxide  and  Co)  for  the  300  °C  treated  sample. 

As  the  sintering  temperature  increases  Sm  oxides  and  Co  become  dominant  and  more 
pronounced  while  SmCos  is  no  longer  detectable.  These  results  indicate  preferential  oxidation  of 
Sm  during  the  heat  treatment  and  growth  of  SmO,  Sm203  phases  and  formation  of  Co  phase. 
Since  the  sintering  was  done  in  forming  gas  atmosphere  (95%  N2  and  5%  H2)  the  source  of 
oxygen  is  believed  to  be  the  residual  surfactant  on  powder  particle  surface.  This  structural 
analysis  is  in  agreement  with  magnetic  property  M(H)  data:  decomposition  of  hard  SmCos  and 
growth  of  soft  Co  phases  at  progressively  higher  sintering  temperatures. 
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Angle  26,  ° 

Figure  7.21.  XRD  data  for  SmCos  samples  sintered  at  300,  450  and  600  °C 


73.6.2  Summary 

The  microwave  sintering  approach  for  producing  dense  SmCoj  bulk  alloy  from  nano¬ 
scale  powder  was  attempted.  Microstructure  analysis  indicated  that  the  experimental  temperature 
range  300-450  °C  was  not  high  enough  to  result  in  sintered  body,  only  slight  particle  coagulation 
was  observed.  However,  treatment  temperatures  above  300  °C  were  detrimental  to  the  material 
composition  and  magnetic  properties  as  heavy  oxidation  of  Sm  and  precipitation  of  Co  occurred. 

73. 7  Computer  Simulation  of  Magnetic  Inductor  Components  using  FEM 

7.3. 7. 1  Eddy  Loss  Calculation  in  Laminated  Magnetic  Inductor  Core  using  Computer  Modeling 

Computer  modeling  is  a  viable  technique  for  estimation  of  properties  and  behavior  of 
different  electro-magnetic  systems.  Such  an  approach  can  provide  useful  data  for  design  of  an 
electro-magnetic  device  or  a  component  without  the  need  for  physically  manufacturing  a  large 
set  of  test  parts. 

Within  the  current  project  a  Maxwell  3D  software  package  was  used  for  simulating  a 
laminated  inductor  core  made  of  amorphous  magnetic  alloy  tape.  The  material  of  interest  was 
FeCoTaB-based  alloy.  In  the  amorphous  state  it  has  low  electrical  conductivity  and  high 
magnetic  permeability,  which  are  the  required  qualities  for  a  high  performance  inductor  material. 
The  alloy  can  be  cast  as  tape  of  various  thicknesses  (20-30pm)  then  the  tape  is  wound  into  a 
shape  of  an  inductor  core  producing  fine  laminated  structure.  The  goal  of  the  numerical 
simulation  was  to  optimize  lamination  thickness  of  such  core  in  order  to  achieve  low  estimated 
power  losses  (Eddy  loss,  hysteresis  loss)  at  different  operating  frequencies  prior  to 
manufacturing  of  the  alloy  tape. 

A  digital  model  of  the  inductor  core  has  been  created  using  standard  dimensions  in 
Maxwell  3D  environment  (Figure  7.23).  By  taking  advantage  of  scripting  language  the  model 
size,  lamination  layer  quantity,  excitation  current  and  all  other  parameters  were  made  easily 
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adjustable.  This  model  ean  be  used  for  Eddy  power  loss  calculation  inside  the  core  volume  at 
given  frequency. 

Full-scale  simulation  of  the  inductor  core  requires  an  excessive  amount  of  computer 
memory;  therefore  first  the  Eddy  loss  was  calculated  in  a  small  section  in  a  simplified  single 
layer  model.  This  simulated  power  loss  (Pe)  is  shown  as  a  function  of  frequency  in  Figure  7.24, 
and  excellent  agreement  with  the  theoretical  values  was  achieved. 


Figure  7.22.  Model  of  a  laminated  inductor  core  in  Maxwell  3D  software 


Figure  7.23.  Simulated  and  theoretical  Eddy  loss  frequency  dependence 


7.3.8  Magnetic  Field  Comparison  for  Solid  and  Wound  Coil  in  Maxwell  3D 

7.3.8. 1  Objectives 

The  main  objective  of  this  effort  is  to  calculate  magnetic  field  distribution  created  by  a 
wound  coil  with  constant  current,  and  compare  it  to  the  field  of  a  solid  coil  of  equivalent 
dimensions  and  current  density  using  Maxwell  3D  software.  A  second  objective  was  to 
determine  if  the  solid  coil  model  could  be  used  in  order  to  simplify  the  model  and  reduce 
computation  time. 
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73.8.2  Experimental 

A  3D  model  of  a  wound  coil  was  created  with  an  aid  of  scripting  language  in  Maxwell 
3D  environment.  The  following  model  parameters  were  used:  coil  size  10x1 0mm,  wire  diameter 
1mm,  winding  pitch  1.1mm,  number  of  windings  6,  11,21  and  51,  coil  material  Cu,  current  lA. 
The  solid  coil  had  corresponding  dimensions  (length  =  number  of  turns  x  pitch,  inside  and 
outside  dimensions  =  9. 5x9. 5  mm  and  10.5x10.5  mm,  material  Cu)  and  the  same  current  density 
(1  A/tiR^).  Magnitude  of  the  magnetic  field  B  was  calculated  in  two  crossectional  planes  as  well 
as  along  the  central  axis  of  the  coil. 

7. 3. 8. 3  Results 

Magnitude  of  the  magnetic  field  B  along  the  central  axis  of  the  coil.  Dashed  horizontal 
lines  correspond  to  the  field  inside  an  infinite  coil: 

•  Wound  coil:  B  =  //g/n ,  where  I  is  current,  n  is  number  of  turns  per  unit  length 

•  Solid  coil:  B  =  p^dj ,  where  d  is  the  coil  thickness, y  is  the  current  density 


N  =  6  turns  coil  and  equivalent  solid  coil 
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N  =  1 1  turns  coil  and  equivalent  solid  coil 


N  =  21  turns  coil  and  equivalent  solid  coil 


173 

Approved  for  public  release;  distribution  unlimited. 


7. 3. 8. 4  Summary 

Based  on  the  model  caleulations  both  the  wound  and  the  equivalent  solid  coils  produce 
similar  profiles  of  the  magnetic  field  B  along  the  coil  central  axis  for  all  considered  geometric 
configurations  (number  of  turns  ranging  from  6  to  5 1).  At  a  high  ratio  of  the  coil  length  to  its 
diameter  (>5)  the  field  in  the  center  of  the  coil  approaches  its  theoretical  value  of  an  infinite 
solenoid,  both  for  wound  and  solid  coils.  Lower  field  strength  produced  by  a  wound  coil 
compared  to  the  equivalent  solid  coil  (carrying  the  same  current  density)  can  be  related  to  the 
presence  of  gaps  between  individual  turns  in  the  wound  coil. 


7.3. 9  Eddy  Current  Power  Loss  Test  in  Maxwell  3D:  Single  Bar  Model 

7.3.9. 1  Objectives 

•  Create  a  basic  model  of  a  single  metal  inductor  core  layer  in  AC  magnetic  field  taking 
advantage  of  model  symmetry  planes. 

•  Calculate  Eddy  current  and  magnetic  field  distribution  inside  the  layer,  estimate  power 
loss  and  compare  the  calculated  values  to  theoretical  ones  at  various  AC  frequencies. 

7. 3. 9. 2  Model  Description 

•  Core  layer  material:  Metglas  2605SA1,  pr=  45000,  o  =  7.7x10^  1/Qm. 

•  Bar  dimensions:  a  =  23  pm  (lamination  thickness),  1  =  600  pm  (bar  length),  b  =  10  pm 
(bar  height). 

•  Applied  magnetic  field:  Hmax  =  1-76  A/m  (Bmax  =  0.1  T),  frequency  50-150  kHz. 

•  Symmetry  consideration:  odd  (flux  tangential)  symmetry  boundary  conditions  in  XZ  and 
YZ  planes. 


The  model  was  run  at  several  setup  conditions  (mesh  size,  frequency)  and  the  Eddy  power  loss 
(Pe)  was  calculated  as  the  integrated  ohmic  loss  divided  by  the  volume  of  the  bar.  Complex 
magnitudes  of  the  Eddy  current  density  J(x)  and  field  H(x)  were  also  measured  as  functions  of 
position  across  the  bar  and  compared  to  the  theoretical  values  (from  Kazimierczuk,  2009). 
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73.9.3  Results 


Field  depth  of  penetration 


Magnetie  field  distribution  H(x)  at  150  kHz 


Eddy  eurrent  density  distribution  J(x)  at  150  kHz 


\J{X)\  =  ^ 


2- 


,  2x  lx 

cosh - cos  — 

d  5 

,  a  a 

cosh — h  cos  — 
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Surface  current  density  frequency  dependence  Jmax(f) 


Eddy  loss  per  unit  volume  frequency  dependence  Pe(f) 


73.9.4  Summary 


Depth  of  penetration  5  is  comparable  with  the  lamination  layer  thickness:  5  =  7  pm,  a  = 
23  pm  (at  150  kHz).  Skin  effect  observed,  H(x)  and  J(x)  are  in  excellent  agreement  with  theory. 
Surface  current  density  Jmax  and  Eddy  power  loss  per  unit  volume  pe  increase  with  higher 
frequency  and  are  also  in  excellent  agreement  with  theory. 


73.10  Eddy  Current  Single  Bar  Model  in  Maxwell  3D:  Mesh  Size  Optimization 

7.3.10.1  Objectives 

•  Use  the  existing  single  bar  model  of  an  inductor  core  lamination  layer. 

•  Estimate  most  suitable  model  mesh  element  size  in  order  to  achieve  good  Eddy  power 
loss  calculation  accuracy  and  low  PC  memory  requirements. 
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7.3.10.2  Model  Description 


•  Core  layer  material:  Metglas  2605SA1,  |aR  =  45000,  a  =  7.7x10^  1/Qm. 

•  Bar  dimensions:  a  =  23  jam  (lamination  thickness),  1  =  300  jam  (bar  length),  b  =  5  (am  (bar 
height). 

•  Applied  magnetic  field:  Hmax  =  1-76  A/m  (Bmax  =  0.1  T),  frequency  150  kHz. 


The  model  was  run  at  several  initial  mesh  setup  conditions,  specifically,  the  size  of  a  mesh 
element  was  set  to  a  value  ranging  from  3  to  30  pm.  This  results  in  a  finer  or  coarser  mesh 
leading,  respectively,  to  higher  (more  memory  and  time  required)  or  lower  (less  memory  and 
time)  Eddy  loss  calculation  accuracy. 


Eddy  power  loss  (pe)  was  calculated  as  the  integrated  ohmic  loss  divided  by  the  volume  of  the 
bar  and  compared  to  the  theoretical  value  as  shown  in  Equation  (1)  below  (from  Kazimierczuk, 

2009). 


Pe 


...  a  .a 

j^2  U7  Sinn - sin  — 

^max^^  S  5 


g5  .a  a 
cosh  —  +  cos  — 


5  = 


V 


(1) 


Complex  magnitudes  of  the  Eddy  current  density  J(x)  was  also  mapped  in  the  bar  cross  section 
plane  together  with  the  model  mesh  wireframe  for  different  mesh  settings. 
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7.3.10.3 


Results 


Mesh  wireframe  and  Eddy  current  density  map 

Mesh  element  size:  3  iJ.m 


Mesh  element  size:  5  fim 


Mesh  element  size:  8  fim 
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Mesh  element  size:  15  fim 


I 


Mesh  element  size:  30  jim 


Model  statistics 


Mesh  element  size, 

Hm 

Number 

elements 

of 

finite  __  ,  , 

Model  memory,  Mb 

Calculated  Eddy  loss  pe, 
W/m^ 

Deviation  from  theory, 

% 

Theoretical 

- 

- 

2.73e+04 

- 

30 

156 

17 

2.85e+04 

4.6 

28 

173 

17 

2.88e+04 

5.5 

26 

201 

17 

2.82e+04 

3.5 

24 

239 

17 

2.72e+04 

-0.4 

22 

269 

17 

2.69e+04 

-1.2 

20 

298 

18 

2.71e+04 

-0.8 

19 

353 

18 

2.69e+04 

-1.2 

18 

428 

18 

2.70e+04 

-1.1 

17 

474 

20 

2.69e+04 

-1.3 

16 

499 

20 

2.70e+04 

-1.2 

15 

542 

21 

2.69e+04 

-1.2 

13 

765 

23 

2.71e+04 

-0.7 

12 

942 

25 

2.71e+04 

-0.8 

11 

1180 

28 

2.69e+04 

-1.4 

10 

1491 

30 

2.70e+04 

-0.8 

9 

2037 

35 

2.71e+04 

-0.8 

8 

2899 

42 

2.72e+04 

-0.2 

5 

11121 

136 

2.74e+04 

0.4 

3 

48598 

683 

2.75e+04 

0.7 
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Calculated  Eddy  loss  accuracy  compared  to  theoretical 


Number  of  model  finite  elements  and  model  PC  memory 


7.3.10.4 


More  accurate  current  density  distribution  is  obtained  with  smaller  mesh  element  size  as 
seen  from  the  smoothness  of  J(x,y)  map.  Deviation  of  the  calculated  Eddy  loss  from  its 
theoretical  value  is  within  1%  for  mesh  element  sizes  up  to  25  pm. 

Even  though  the  J(x,y)  distribution  does  not  seem  smooth  enough  for  such  coarse  mesh,  it 
still  gives  an  acceptable  result  for  the  integrated  Eddy  power  loss.  This  is  partly  due  to  relatively 
weak  skin  effect  in  the  material  studied  at  given  frequency  of  150  kHz. 

Required  computer  memory  increases  drastically  with  higher  number  of  model  finite 
elements.  For  the  lowest  acceptable  accuracy  case  (mesh  element  size  25  pm)  the  model  requires 
~230  finite  elements  for  the  volume  of  the  simulated  metal  bar  of  3.5e-14  m^.  Physical  inductor 
core  volume  is  on  order  of  5e-5  m^,  which  will  require  3el  1  finite  elements  to  model  a  full  size 
core.  Considering  a  linear  dependence  of  PC  memory  on  the  number  of  FE,  such  full-scale 
simulation  will  need  ~10^  Gb  of  computer  memory. 
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7.3.11  Ferrite  Core  Single  Grain  Eddy  Loss  Calculation  in  Maxwell  3D 

7.3.11.1  Objective 

•  Create  a  model  of  a  ferrite  core  single  grain  in  Maxwell  3D  software. 

•  Estimate  the  effect  of  grain  boundary  resistivity  on  Eddy  current  distribution  in  a  ferrite 
grain  cluster. 

•  Simulate  Eddy  loss  for  300  °C  ferrite  core  material. 

7.3.11.2  Experimental 

A  Maxwell  3D  model  of  a  3x3  square  grain  cluster  was  created  using  the  following 
parameters:  grain  size  5  pm,  grain  boundary  width  50  A,  grain  bulk  resistivity  Pbuik=10  Qcm, 
relative  permeability  pr=500,  grain  boundary  resistivity  pce  =10^  Qcm.  To  study  the  effect  of 
grain  boundary  resistivity  the  total  Eddy  loss  in  the  grain  cluster  was  calculated  at  the  flux 
density  Bmax=10  Gauss  and  frequency  150  kHz  for  ratios  of  grain  boundary  to  bulk  resistivity 
Pgb:  Pbuik  in  the  range  1..10^.  Based  on  the  grain  size  distribution  in  300C  ferrite  the  Eddy  micro 
current  loss  was  calculated  using  a  single  grain  model. 

7.3.11.3  Results 


Eddy  current  complex  magnitude.  Grain  boundary  resistivity  effect 
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3  4  5 


0  0.005  0.01  (mm)  0  0  005  0.01  (mm)  0  0  005  0.01  (mm) 


Resistivity  ratio  Pgb:  Pbuik 

Grain  cluster  total  Eddy  loss,  W 

1 

9.6218e-21 

10 

9.4484e-21 

10^ 

8.0020e-21 

10^ 

2.9933e-21 

10^ 

1.1112e-21 

10^ 

1.0529e-21 

Eddy  current  complex  magnitude.  Grain  size  effect 


Grain  size  distribution  (Spyker,  2004) 


Single  grain  Eddy  loss  per  volume 


Grain  size,  |am 
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size 
2  pm 


Grain 
size 
7  pm 
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Grain 

size 
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Grain 
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Grain 

size 

5[j.m 


Grain 

size 
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size 
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Simulation  of  Eddy  loss  in  a  ferrite  grain  cluster  showed  that  for  the  grain  boundary 
resistivity  of  10"^-10^  times  higher  than  the  bulk  resistivity  the  crossover  of  micro  Eddy  currents 
between  individual  grains  is  low  and  the  boundary  can  be  treated  as  insulating.  Experimental 
measurements  report  similar  ratio  of  10"^-10^. 

The  average  micro  Eddy  current  loss  inside  a  300  °C  ferrite  grain  was  estimated  based  on 
the  experimentally  measured  grain  size  distribution.  However,  the  calculated  value  of  5.6x10'^ 
wW  is  substantionally  lower  than  actual  reported  total  losses  ~20  wW  for  similar  flux  density 
(0.1  T)  and  frequency  (150  kHz)  in  similar  ferrite  materials. 
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7.3.12  Summary  of  Inductor  Eddy-current  Loss  Simulation  using  ANSYS  Maxwell  3D 
Software 

7. 3.12.1  Objectives 

•  Present  general  idea  of  ANSYS  Maxwell  3D  software  eapabilities  in  terms  of  modeling 
laminated  induetor  eore  Eddy-eurrent  power  losses. 

•  Based  on  the  simulation  results  summarize  the  trends  of  Eddy  losses  as  a  function  of 
operating  frequency,  lamination  thickness  and  core  material  resistivity  for  commercial 
Metglas  and  homemade  FeCoTa  alloys  as  core  materials  examples. 

7.3.12.2  Experimental 

ANSYS  Maxwell  3D  software  package  was  used  to  create  a  3-dimensional  model  of  a 
laminated  (tape  wound)  inductor  core  with  material  properties  equivalent  to  Metglas  2605SA1 
alloy  (pr=45000,  a=770000  1/Qm)  and  core  shape  AMCC20  (C-core,  72x35x30  mm,  tape 
thickness  23  pm,  lamination  stack  thickness  1 1  mm).  Simulated  magnetic  flux  density  inside  the 
core  was  ~0.1  T  and  operating  frequency  in  the  range  50-150  kHz. 

A  rendered  view  of  the  3D  core  model  is  shown  in  Figure  7.25,  it  consists  of  concentric 
lamination  layers  which  thickness  and  number  can  be  controlled  through  built-in  Visual  Basic 
script  interface.  By  progressively  increasing  the  number  of  layers  and  decreasing  their  thickness 
it  has  been  concluded  that  available  computer  memory  (8  Gb)  is  not  enough  to  solve  for  Eddy- 
current  loss  in  a  model  with  more  than  20  layers  due  to  excessive  number  of  mesh  discretization 
elements.  Physical  inductor  core  has  ~500  lamination  layers  and  projected  PC  memory 
requirements  for  modeling  equivalent  object  is  on  order  of  10^  Gb.  Therefore  in  order  to  simplify 
the  model  a  2-dimenstional  crossection  of  the  core  was  considered. 


Laminated  core 


Eddy  current  density 
I  High 


Low 


Figure  7.24.  Rendering  of  a  tape  core  inductor  3D  model  and  a  2D  cross-section  used  for  accurate  Eddy- 

current  calculation 


Eddy-current  distribution  and  power  loss  were  accurately  solved  in  a  2D  single-sheet 
model  (Figure  7.26),  which  represents  a  23  x  300  pm  part  of  a  lamination  layer  with  detailed 
geometrical  mesh.  The  simulated  results  were  in  a  good  agreement  with  theoretical  calculations 
(from  Kazimierczuk,  2009)  and  several  sets  of  data  featuring  Eddy  loss  dependence  on 
frequency,  lamination  thickness  and  material  resistivity  were  collected.  In  addition,  simulated 
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results  for  two  different  amorphous  magnetic  alloys  were  compared:  commercial  Metglas 
(Pr=45000,  o=770000  1/Qm )  and  in-house  made  FeCoTa  (pr=2300,  a=714000  1/Qm).  In  both 
cases  applied  magnetic  field  Hmax  was  adjusted  to  produce  same  magnetic  flux  density  B^ax  =  0.1 
T  inside  the  material. 


Figure  7.25.  Simulated  Eddy-current  distribution  and  corresponding  mesh  discretization  in  a  single 

lamination  layer 


Theoretical  values  were  based  on  the  textbook  formulas  for  the  Eddy  power  loss  per 
volume  pe  and  magnetic  field  penetration  depth  S: 
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where  Hmax  is  the  amplitude  of  the  applied  AC  magnetic  field;  a,  b,  I  are  lamination  layer 
thickness,  depth  and  height  respectively;  o  is  the  material  bulk  resistivity. 


7.3.12.3  Results 


Simulated  Eddy  losses  in  a  layer  with  thickness  a  =  23  pm  as  a  function  of  frequency  in 
the  range /=  10. ..  10^  Hz  are  shown  in  Figures  7.27  and  7.28  in  logarithmic  and  linear  scales 
respectively.  At  lower  frequencies,  where  penetration  depth  3»  a  the  power  loss  increases  as 
(both  Metglas  and  FeCoTa);  while  at  higher  frequencies  skin-effect  becomes  significant,  which 
suppresses  Eddy-currents  inside  the  layer  (Metglas  only,/ >  10"^  Hz). 


Frequency,  Hz 

Figure  7.26.  Eddy  power  loss  as  a  function  of  frequency,  logarithmic  scale 
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Figure  7.27.  Eddy  power  loss  as  a  function  of  frequency,  linear  scale 


Eddy  power  loss  dependence  on  the  lamination  thickness  in  the  range  a  =  5... 65  pm  at 
fixed  frequency /=  60  kHz  is  shown  in  Figure  7.29.  In  the  low-frequency  approximation  a  «  S, 
loss  is  proportional  to  a  ,  (a  <  20  pm  for  Metglas  and  full  range  for  FeCoTa).  At  higher 
lamination  thickness  the  Eddy-currents  circulate  only  within  skin  depth  at  the  surface  of  the  layer 
thus  reducing  overall  loss  per  volume  (a  >  30  pm  for  Metglas). 


Layer  thickness,  iiim 

Figure  7.28.  Eddy  power  loss  as  a  function  of  lamination  thickness 


Calculated  Eddy  loss  for  fixed  layer  thickness  a  =  23  pm  and  frequency /=  60  kHz  as  a 
function  material  bulk  resistivity  p  =  50. .  .300  pQ  cm  is  shown  in  Figure  7.30.  Higher  resistivity 
progressively  results  in  reduced  Ohmic  losses  in  case  of  FeCoTa  with  weak  skin  effect.  On  the 
other  hand,  Metglas  has  much  higher  permeability  leading  to  stronger  skin  effect  and  suppressed 
Eddy  loss  in  low  resistivity  range. 
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Figure  7.29.  Eddy  power  loss  as  a  function  of  material  resistivity 
7.3.12.4  Summary 

Based  on  the  results  of  modeling  laminated  inductor  core  Eddy-current  losses  using  conventional 
PC  and  ANSYS  Maxwell  3D  software  package  the  following  points  can  be  outlined: 

•  It  is  not  possible  to  fully  simulate  a  3-dimensional  laminated  core  due  to  extremely  high 
PC  memory  requirements;  a  simplified  2D  model  of  a  single  lamination  layer  was  used 
instead. 

•  Eddy  power  loss  was  calculated  for  commercial  Metglas  and  homemade  FeCoTa 
amorphous  magnetic  alloys;  very  good  agreement  between  simulated  and  theoretical 
results  was  achieved. 

•  In  the  used  range  of  input  parameters  Metglas  alloy  exhibits  strong  skin-effect  (field 
penetration  depth  much  smaller  than  layer  thickness)  which  reduces  Eddy  loss  per 
volume  of  the  material,  however,  the  skin-effect  also  suppresses  magnetic  flux  density  in 
the  bulk  lowering  magnetic  performance  and  should  be  avoided;  the  FeCoTa  alloy  due  to 
much  lower  permeability  does  not  exhibit  skin-effect. 

•  Eddy  losses  may  be  effectively  lowered  by  reducing  lamination  layer  thickness:  I/2 
reduction  from  23  pm  down  to  12  pm  will  lower  Eddy  loss  by  factor  of  50%  and  75%  for 
Metglas  and  FeCoTa  respectively. 

•  Lower  Eddy  loss  may  also  be  achieved  by  increasing  alloy  bulk  resistivity,  but  less 
effectively  compared  to  reducing  layer  thickness.  Resistivity  doubling  from  current  ~150 
up  to  300  pQ-cm  will  reduce  loss  by  40%  and  45%  for  Metglas  and  FeCoTa  respectively. 


7.3.13  Finite  Element  Modeling  in  Maxwell  3D:  Permanent  Magnet  Plate  Design 

7. 3.13.1  Objectives 

•  Create  a  magneto-static  computer  model  of  a  set  of  magnet  plates  with  controllable 
magnetization  orientation  direction  and  plate  thicknesses 

•  Optimize  model  parameters  to  achieve  a  uniform  magnetic  field  inside  a  specified  region 
between  magnet  plates 
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7.3.13.2 


Model  Design  Description  and  Results 


•  Flat  plate 

•  Original  segmented 

•  Original  segmented,  no  bevel 

•  Wedge  plate,  flat  plate 

•  Wedge  plate,  original  segmented  plate 

•  Closed  path,  flat  plate 

•  Closed  path,  flat  plate,  segmented  plate 

•  Closed  path,  segmented  plate 

As  a  starting  point  flat  plate  design  (1)  have  been  modeled  using  structure  dimensions  as 
a  core  size.  This  design  gives  good  field  uniformity  along  x-axis  but  not  along  y-  and  z- 
directions.  Originally  proposed  segmented  plate  design  (2)  requires  much  smaller  plate  thickness 
for  the  given  central  field  strength,  provides  control  over  x-axis  field  profile  (adjusting  angle  P) 
but  does  not  improve  either  y-  or  z-  axis  field  uniformity  compared  to  the  flat  plate.  Part  A  bevel 
has  insignificant  effect  on  the  field  topology  (3). 

Slight  but  insufficient  improvement  in  y-axis  field  profile  was  achieved  by  including 
wedge  plates  (4,  5)  to  the  fiat  and  segmented  plate  models.  Addition  of  side  plates  to  fiat  plate 
design  in  order  to  create  close  path  (6)  greatly  improves  field  uniformity  in  all  directions.  Close 
path  segmented  plate  models  (7,  8)  can  be  further  fine-tuned  to  reach  <0.3%  field  variation 
inside  the  work  zone  dimensions. 


Segment  name  and  magnetization 


Part  A  — _ 

Parte  - — 

Part  D 

A 

Part  E 

/. 

Parts 

1 

orientation  reference: 


gamma,  y 


beta,p 


alpha, a 


1.  Flat  plate  design:  Magnet  Q.mxwl 

Core  dimensions:  (core_x,core_y,core_z)  200,  500,  550  mm 
Magnet  thiekness:  (mag  x)  80  mm 
Magnetization  direetion  angles:  (alpha)  90° 
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Axis 

X 

y 

z 


B  central,  mT _ B  work  zone  edge,  mT _ AB,  mT 

142.56  141.64  -0.92 

142.56  114.95  -27.61 

142.56  146.16  3.6 


AB/B  central 
-0.6% 
-19.4% 
2.5% 
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2.  Originally  proposed  design:  Magnet  Q4.mxwl 

Core  dimensions:  (eore_x,eore_y,eore_z)  200,  500,  550  mm 

Magnet  thiekness:  (mag  x)  50  mm 

Part  A,  height:  (part  A  z)  63  mm 

Part  D  thiekness:  (part  D  x)  8  mm 

Magnetization  direetion  angles:  (alpha,  beta,  gamma)  90°,  60°,  30° 
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Axis _ B  central,  mT _ B  work  zone  edge,  mT 

X  139.01  140.83 

y  139.01  106.72 

z  139.01  141.69 


AB,  mT 
1.82 
-32.29 
2.68 


AB/B  central 
L3% 
-23.2% 
1.9% 


3.  Originally  proposed  design:  Magnet  Q4.mxwl 

No  top  bevel 

Core  dimensions:  (eore_x,eore_y,eore_z)  200,  500,  550  mm 
Magnet  thiekness:  (mag  x)  50  mm 
Part  A,  height:  (part  A  z)  63  mm 
Part  D  thiekness:  (part  D  x)  8  mm 

Magnetization  direetion  angles:  (alpha,  beta,  gamma)  90°,  60°,  30° 
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Axis 

B  central,  mT 

B  work  zone  edge,  mT 

AB,  mT 

AB/B  central 

x 

140.31 

141.62 

1.31 

0.9% 

y 

140.31 

107.63 

-32.68 

-23.3% 

z 

140.31 

142.31 

2 

1.4% 

4.  Wedge  plate,  flat  plate  design:  Magnet  05.mxwl 

Core  dimensions:  (eore_x,eore_y,eore_z)  200,  500,  550  mm 
Inner  flat  plate  thiekness:  (mag  x)  55  mm 
Wedge  plate  max  thiekness:  55  mm 
Magnetization  direetion  angles:  (alpha)  90° 
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Axis  B  central,  mT  B  work  zone  edge,  mT  AB,  mT  AB/B  central 

141.85  140.82  T03  -0.7% 

y  141.85  117.38  -24.47  -17.3% 

z  141.85  144.5  2.65  1.9% 

5.  Wedge  plate,  original  plate  design:  Magnet  OSa.mxwl 

Core  dimensions:  (core_x,core_y,core_z)  200,  500,  550  mm 
Magnet  thiekness:  (mag  x)  30  mm 
Part  A,  height:  (part  A  z)  63  mm 
Part  D  thiekness:  (part  D  x)  8  mm 
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Wedge  plate  max  thiekness:  30  mm 

Magnetization  direetion  angles:  (alpha,  beta,  gamma)  90°,  60°,  30* 
Wedge  plate  magnetization  angle:  (beta)  60° 


Axis 

B  central,  mT 

B  work  zone  edge,  mT 

AB,  mT 

AB/B  central 

x 

138 

145.99 

7.99 

5.8% 

y 

138 

121.9 

-16.1 

-11.7% 

z 

138 

133.15 

-4.85 

-3.5% 

6.  Closed  path,  flat  plate  design:  Magnet  06.mxwl 

Core  dimensions:  (eore_x,eore_y,eore_z)  200,  500,  550  mm 

Magnet  thiekness:  (mag  x)  32  mm 

Side  plate  thiekness:  32  mm 

Magnetization  direetion  angles:  (alpha)  90° 
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mpMi 


Axis 

B  central,  mT 

B  work  zone  edge,  mT 

AB,  mT 

AB/B  central 

X 

138.66 

138.29 

-0.37 

-0.3% 

y 

138.66 

131 

-7.66 

-5.5% 

z 

138.66 

139.52 

0.86 

0.6% 

Closed  path,  flat  plate  design:  Magnet  Ob.mxwl 

Core  dimensions:  (eore_x,eore_y,eore_z)  200,  500,  550  mm 
Magnet  thiekness:  (mag  x)  26  mm 
Side  plate  thiekness:  52  mm 
Magnetization  direetion  angles:  (alpha)  90° 
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Axis _ B  central,  mT _ B  work  zone  edge,  mT _ AB,  mT _ AB/B  central 

142.07  14L7  ^037  -0.3% 

y  142.07  140.28  -1.79  -1.3% 

z  142.07  142.29  0.22  0.2% 

7.  Closed  path,  flat  plate,  segmented  plate  design:  Magnet  Q7.mxwl 

Core  dimensions:  (eore_x,eore_y,eore_z)  200,  500,  550  mm 
Magnet  thiekness:  (mag  x)  30  mm 
Part  A,  height:  (part  A  z)  63  mm 
Part  D  thiekness:  (part  D  x)  8  mm 

Magnetization  direetion  angles:  (alpha,  beta,  gamma)  90°,  82°,  30° 
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Axis _ B  central,  mT _ B  work  zone  edge,  mT _ AB,  mT _ AB/B  central 

-0.4% 
-0.3% 
0.2% 

8.  Closed  path,  segmented  plate  design:  Magnet  QS.mxwl 

Core  dimensions:  (eore_x,eore_y,eore_z)  200,  500,  550  mm 

Magnet  thiekness:  (mag  x)  28  mm 

Magnet  thiekness:  (mag  y)  42  mm 

Part  A,  height:  (part  A  z)  63  mm 

Part  D  thiekness:  (part  D  x)  8  mm 


X 

y 

z 


137.87 

137.87 

137.87 


137.29 

137.46 

138.12 


-0.58 

-0.41 

0.25 
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Magnetization  direction  angles  XZ-plane:  (alpha,  beta,  gamma)  90°,  89°,  90* 
Magnetization  direction  angles  YZ-plane:  (alpha,  beta,  gamma)  90°,  80°,  90* 


Axis 

B  central,  mT 

B  work  zone  edge,  mT 

AB,  mT 

AB/B  central 

X 

139.8 

139.71 

-0.09 

-0.1% 

y 

139.8 

139.38 

-0.42 

-0.3% 

z 

139.8 

140.01 

0.21 

0.2% 
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Closed  path,  segmented  plate  design:  Magnet  Q9.mxwl 

Core  dimensions:  (eore_x,eore_y,eore_z)  200,  500,  450  mm 

Magnet  thiekness:  (mag  x)  26  mm 

Magnet  thiekness:  (mag  y)  42  mm 

Part  A,  height:  (part  A  z)  40  mm 

Part  D  thiekness:  (part  D  x)  8  mm 

Magnetization  direetion  angles  XZ-plane:  (alpha,  beta,  gamma)  90°,  89°,  85° 
Magnetization  direetion  angles  YZ-plane:  (alpha,  beta,  gamma)  90°,  85°,  85° 
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Axis 

B  central,  mT 

B  work  zone  edge,  mT 

AB,mT 

AB/B  central 

X 

141.66 

141.68 

0.02 

0.0% 

y 

141.66 

143.51 

1.85 

1.3% 

z 

141.66 

141.16 

-0.5 

-0.4% 

Other  Ongoing  Magnetic  Material  Research  Projects 
7.3.14  SmCos-FeNi  Hard-Soft  Composite  Magnet 

The  objectives  for  this  project  were  to: 

•  Prepare  FeNi  (1 : 1  atomic  ratio)  alloy  by  arc  melting 

•  Heat  treat  and  quench  the  alloy  to  obtain  FeNi  gamma  phase 

•  Ball  mill  the  as-cast  and  gamma-phase  FeNi  to  obtain  nano-scale  powder 

•  Characterize  the  powder  with  XRD  and  M(H) 

Based  on  recently  published  work  of  Rai  (/.  Mag.  and  Mag.  Mat.  344,  2013,  21 1-216)  an 
attempt  has  been  made  to  produce  a  two-phase  composite  magnet  using  SmCoS  as  hard  and  FeNi 
as  soft  phases  via  high  energy  ball  milling  process.  As  a  first  step  series  of  FeNi  samples  were 
prepared  by  arc  melting  and  heat  treated  to  achieve  gamma-FeNi  phase  at  room  temperature. 
Treated  samples  were  characterized  by  XRD  for  phase  purity  and  SEM  (on-going)  for 
investigation  of  the  heat  treatment  effect  on  FeNi  microstructure. 

7.3.14.1  Results  and  Discussion 

Starting  materials:  Fe  granulas  (Alfa  Aesar,  99.98%),  Ni  slugs  (Alfa  Aesar,  99.995%). 
Alloy  composition:  Fe:Ni  1:1  atomic  ratio.  Each  sample  was  melted  in  MAM  Arcmelter,  turned 
over  and  remelted  two  times. 


Sample  name 

Fe,  g 

Ni,g 

Total  mass,  g 

Atomic  ratio 

Mass  after 
melting,  g 

Mass  loss,  % 

FeNi  1-1 

0.7814 

0.8211 

1.6025 

1.000213 

1.5994 

-0.19 

FeNi  1-2 

0.5888 

0.6181 

1.2069 

1.001207 

1.2066 

-0.02 

FeNi  1-3 

0.9766 

1.0262 

2.0028 

1.00023 

1.9972 

-0.27 

FeNi  1-4 

0.7807 

0.8196 

1.6003 

1.001145 

1.609 

0.54 

FeNi  1-5 

0.5854 

0.615 

1.2004 

1.000443 

1.2037 

0.27 

FeNi  1-6 

0.9799 

1.0293 

2.0092 

1.000587 

2.0092 

0 

Samples  were  heat  treated  at  600  °C  for  30  min  in  a  tube  furnace  using  flowing  Argon  or 
in  Air.  After  treatment  samples  were  quenched  to  RT  in  water,  ice  or  liquid  N2.  The  idea  of 
treatment  +  quenching  is  to  stabilize  gamma-FeNi  phase  at  room  temperature. 


Sample  name 

Anneal  temperature 

Atmosphere 

Dwell  time 

Quenching  method 

FeNi  1-1 

600°C 

Argon 

30  min 

RT  water 

FeNi  1-2 

600°C 

Air 

30  min 

Iced  water 

FeNi  1-4 

600°C 

Air 

30  min 

Liquid  N2 

FeNi  1-5 

As-cast,  untreated,  for  comparison 
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Instrument  -  Bruker  Discovery  D8,  Cu  k-alpha,  2  theta  =  20-105°,  step  0.05°,  step  time  3 
sec.  All  alloy  samples  (both  as-cast  and  heat  treated)  developed  gamma-FeNi  phase,  no  residual 
Fe  or  Ni  were  detected  (see  Fig).  In  addition  to  FeNi,  a  NiO  phase  was  detected  -  it  was  assumed 
that  NiO  passivation  thin  film  formed  on  the  ingot  surface. 


Angle,  20 
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List  of  Acronyms,  Abbreviations  and  Symbols 


AC  -  Alternating  current 
AFM  -  Atomic  force  microscopy 
ALD  -  Atomic  layer  deposition 
a  -  Thermal  diffusivity  or  Seebeck 
coefficient 

B  -  Magnetic  flux  density 

BPR  -  Ball  weight  ratio 

CF  -  Correction  factor 

CNT  -  Carbon  nanotube 

CVD  -  Chemical  vapor  deposition 

Cp  -  Heat  capacity 

DM-HP  -  Dry  high  energy  ball  milling  -  hot 
pressing 

DOA  -  Degree  of  anisotropy 
DSC  -  Differential  scanning  calorimetry 
EDS  -  Energy  dispersive  spectroscopy 
FCCVD  -  Floating  catalyst  chemical  vapor 
deposition 

FET  -  Field-effect  transistor 

FFT  -  Fast  Fourier  transform 

Fp  -  Flux  pinning  force 

Fpmax  -  Flux  pinning  force  maxima 

FWHM  -  Full  width  half  maximum 

GB  -  Grain  boundary 

H  -  Magnetic  field 

HAADF  -  High  angle  annular  dark  field 
HDMS  -  Hexamethyldisilazane 
HEBM  -  High  energy  ball  milling 
HTS  -  High  temperature  superconductor 
Hz  -  Hertz 

IBAD  -  Ion-beam  assisted  deposition 
Ic  -  Critical  current 
Jc  -  Critical  current  density 
Jet  -  Transport  critical  current  density 
Je  -  Engineering  critical  current  density 
KrF  -  Krypton-fluoride  excimer  laser 
X  -  Wavelength 
LHe  -  Liquid  helium 
LN2  -  Liquid  nitrogen 
LOX  -  Liquid  oxygen 
MOeVD  -  Metal-organic  chemical  vapor 
deposition 

MOD  -  Metal-organic  deposition 


MPCVD  -  Microwave  plasma  chemical 
vapor  deposition 

MRI  -  Magnetic  resonance  imaging 
MWCNT  -  Multi-walled  carbon  nanotube 
PECVD  -  Plasma  enhanced  chemical  vapor 
depostion 
PF  -  Power  factor 

PFSI  -  Power  Factor  Screening  Instrument 
PLD  -  Pulsed  laser  deposition 
PPMS  -  Physical  property  measurement 
system 

RABiTS™  -  Rolling-assisted-biaxially- 
textured  substrate 

RHEED  -  Reflection  high-energy  electron 
deflection 

p  -  density  or  electrical  resistivity 
rpm  -  rotations  per  minute 
SAM  -  Spin  around  magnet 
seem  -  Standard  cubic  centimeters 
SEM  -  Scanning  electron  microscopy 
SIMS  -  Secondary  ion  mass  spectrometry 
SMES  -  Superconducting  magnet  energy 
storage 

STEM  -  Scanning  transmission  electron 
microscopy 
T-  Temperature 
T  -  Tesla 

Tc  -  Critical  transition  temperature 
TEM  -  Transmission  electron  microscopy 
THCVD  -  Thermal  chemical  vapor 
deposition 
0  -  Bragg  angle 

TIM  -  Thermal  interface  material 
TTO  -  Thermal  transport  option 
VA-CNT  -  Vertically-aligned  carbon 
nanotube 

vdP  -  van  der  Pauw 

VSM  -  Vibrating  sample  magnetometer 

XRD  -  X-ray  diffraction 

XPS  -  X-ray  photoelectron  spectroscopy 

YS  -  Yield  strength 

YSZ  -  Yttria-stabilized  zirconia 

zT  -  Thermoelectric  figure-of-merit 
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